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Invasions by alien plants provide a unique opportunity to examine competitive interactions
among plants. While resource competition has long been regarded as a major mechanism
responsible for successful invasions, given a well-known capacity for many invaders to
become dominant and reduce plant diversity in the invaded communities, few studies
have measured resource competition directly or have assessed its importance relative
to that of other mechanisms, at different stages of an invasion process. Here, we
review evidence comparing the competitive ability of invasive species vs. that of co-
occurring native plants, along a range of environmental gradients, showing that many
invasive species have a superior competitive ability over native species, although invasive
congeners are not necessarily competitively superior over native congeners, nor are alien
dominants are better competitors than native dominants. We discuss how the outcomes
of competition depend on a number of factors, such as the heterogeneous distribution
of resources, the stage of the invasion process, as well as phenotypic plasticity and
evolutionary adaptation, which may result in increased or decreased competitive ability in
both invasive and native species. Competitive advantages of invasive species over natives
are often transient and only important at the early stages of an invasion process. It remains
unclear how important resource competition is relative to other mechanisms (competition
avoidance via phenological differences, niche differentiation in space associated with
phylogenetic distance, recruitment and dispersal limitation, indirect competition, and
allelopathy). Finally, we identify the conceptual and methodological issues characterizing
competition studies in plant invasions, and we discuss future research needs, including
examination of resource competition dynamics and the impact of global environmental
change on competitive interactions between invasive and native species.
Keywords: evolutionary adaptation, apparent competition, dominance, competitive ability, phenology, phenotypic
plasticity, phylogenetic relatedness, resource gradient
INTRODUCTION
Invasions by alien plants represent a major component of global
change (Vitousek et al., 1996). Successful invasions occur when
an alien species is capable of forming self-sustaining populations
(naturalization) that may extend at considerable distances away
from the original source of introduction, overcoming a range of
biotic and abiotic barriers, along an introduction-naturalization-
invasion continuum (Richardson et al., 2000; Richardson and
Pyšek, 2012). Invasive alien species are known to alter the compo-
sition and diversity of the aboveground (e.g., Levine et al., 2003;
Gaertner et al., 2009; Hejda et al., 2009) and belowground flora
(Gioria and Osborne, 2010; Gioria et al., 2014) of many recipi-
ent communities, as well as impacting on a range of abiotic and
biotic conditions, with potentially significant changes in the func-
tioning of, and the services provided by, invaded ecosystems (see
Ehrenfeld, 2010; Simberloff, 2011; Vilà et al., 2011; Eviner et al.,
2012; Pyšek et al., 2012).
Resource competition, also known as exploitative competi-
tion, is a key process regulating plant community dynamics (e.g.,
Grime, 1973, 1977; Newman, 1973; Harper, 1977; Tilman, 1982,
1988) and has long been considered as a major mechanism
determining the success of several invasive species (Elton, 1958;
Tilman, 1997; Levine et al., 2003; Vilà and Weiner, 2004). In par-
ticular, a capacity formany invasive species to reduce diversity and
to form nearly mono-specific stands (e.g., Beerling et al., 1994;
Tiley et al., 1996; Gaertner et al., 2009) has often been attributed
to a superior capacity of invasive species to compete for resources
(Levine et al., 2003; Vilà et al., 2003; Vilà and Weiner, 2004)
and/or due to the disproportionately greater effects of increases in
resources on the performance of invasive vs. native species (e.g.,
Daehler, 2003; Leishman and Thomson, 2005; Funk, 2013).
In this paper, we review the literature on the role of resource
competition in plant invasions. Specifically, we review studies
comparing the competitive ability of invasive species vs. that
of co-occurring native species, along a range of environmental
gradients, distinguishing between the importance of competitive
interactions below- and above-ground as well as that of intra-
vs. interspecific competition; we report on the findings of studies
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accounting for phylogenetic relatedness through comparisons of
invasive and non-invasive congeners, and of those comparing the
competitive ability of dominant aliens vs. dominant natives; we
discuss how the outcomes of resource competition may depend
on other mechanisms, including phenotypic plasticity as well as
evolutionary adaptation that may lead to increased or decreased
competitive ability in both invasive and native species, disper-
sal and recruitment limitation, and competition avoidance that
may result from phenological differences or from niche differ-
entiation in space; we report on how indirect competition and
allelopathy may interact with resource competition and on how a
superior competitive ability of invasive species over that of native
species may be only transient and change over time. Finally, we
identify the conceptual and methodological issues characterizing
research needs in this field and discuss future research directions,
including examinations of the potential impact of global envi-
ronmental changes on resource competition between invasive and
native species.
COMPETITIVE ABILITY IN INVASIVE SPECIES
DEFINING RESOURCE COMPETITION, COMPETITIVE ABILITY AND
DOMINANCE
Two major questions in the field of invasion ecology relate to the
competitive ability of invasive species and how this is affected by
resource availability: (1) are invasive species superior competi-
tors over native species; and (2) how do competitive interactions
for resources between invasive and native species vary (over time)
along environmental gradients? (see Glossary).
Resource competition is a negative interaction between
individuals associated with a requirement for shared limiting
resources (light, nutrients, and water) resulting in a reduction
in one or more fitness components at the individual or at the
population level (see Glossary; Goldberg et al., 1999). From a
functional point of view, competition can be regarded as an alter-
ation of the processes of (1) “acquisition” of resources, (2) their
“allocation” to different parts, and contribution to overall plant
performance and (3) the “deployment” of these parts in space
(Bazzaz, 1996), by neighboring individuals.
Based on the above definitions, the competitive ability of a
species can be broadly regarded as the ability of a species to
acquire and/or make the best use of limiting resources, and/or a
capacity to cope with low resource levels or to reduce the avail-
ability of resources to its neighbors. Such an ability is dependent
on a combination of species traits that allow a species to compete
for resources with neighboring individuals or species (seeWeiner,
1993), including relative growth rate, height, lateral spread, stor-
age organs, shoot thrust, leaf and root longevity, leaf nutrient con-
centration, specific leaf area, active foraging capability, response
to damage, and palatability (Grime, 1998). Individual plants,
however, vary greatly in their tolerance to different levels of avail-
able resources, making the concept of competitive ability at the
species level strongly context-dependent (Tilman, 1982, 1988; see
Weiner, 1993).
Goldberg (1990) pointed out that the competitive ability of a
species can be classified into two components, as each individ-
ual has an effect on and responds to its environment, including
its neighbors: (1) a “competitive effect”, which can be regarded
as the ability of an individual to take up resources (high rates of
resource acquisition), ultimately resulting in a reduction in the
resources available to neighboring plants; and (2) a “competitive
response,” i.e., the response of a species to reduced resource levels
by competitors, which depends on a species’ ability to tolerate low
resource conditions associated with the presence of neighbors.
These mechanisms, which can also be summarized into maxi-
mum resource capture vs. minimum resource requirements are
not mutually exclusive (Suding et al., 2004).
Invasive species may achieve dominance via an innately supe-
rior competitive ability over that of native species arising from
physiological advantages that include high rates of resource acqui-
sition (e.g., Eliason and Allen, 1997; Alpert et al., 2000; Callaway
and Aschehoug, 2000; Rejmánek, 2000; Pyšek and Richardson,
2007; van Kleunen et al., 2010, 2011; Matzek, 2012; Funk, 2013),
such as a capacity to fix nitrogen (e.g., Atwood et al., 2010; Le
Maitre et al., 2011; Gioria and Osborne, 2013) or an ability to tol-
erate low resource availability (see Tilman, 1982; Weiner, 1993;
Goldberg, 1996; Craine et al., 2005; Funk, 2013). Dominance can
also be achieved via mechanisms that may interact with resource
competition and that will be discussed throughout this paper,
including: (1) competitive advantages arising from the release
from natural enemies that are present in their native range but
not in the invasive range (Enemy Release Hypothesis; ERH; Keane
and Crawley, 2002; Mitchell and Power, 2003; Callaway et al.,
2004; Maron et al., 2014); (2) an increased competitive ability
post-introduction arising from evolutionary changes leading to
a reallocation of resources from defense mechanisms that may
be required in their native range, to growth and development
(Evolution of Increased Competitive Ability; EICA; Blossey and
Nötzold, 1995); (3) high phenotypic plasticity in traits that allow
the survival and spread in areas characterized by novel conditions
(Bossdorf et al., 2005; Richardson and Pyšek, 2006; Davidson
et al., 2011); (4) trait differences between alien and native species
arising from phylogenetic distinctiveness (Mack, 1996; Rejmánek,
1996) and potentially reflecting differences in the ecological
niches that can be occupied. This is based on early observa-
tions suggesting that competition with native species would favor
the establishment of taxonomic distinct alien species (Darwin’s
Naturalization Hypothesis; Darwin, 1859); (5) pre-existing or
acquired (via phenotypic and/or evolutionary responses) phe-
nological differences that allow alien species that emerge earlier
or persist longer to avoid resource competition in the early/later
stages of development (Weiner, 1993; Wolkovich et al., 2013);
(6) an ability to alter the abiotic (Ehrenfeld, 2010; Vilà et al.,
2011; Pyšek et al., 2012) and biotic conditions in the invaded
communities (White et al., 2006; Kulmatiski et al., 2008); (7)
the release of allelochemicals that are potentially toxic to native
species (Callaway and Aschehoug, 2000).
While the ERH predicts that the release from enemies confer
an immediate competitive advantage to alien species, accord-
ing to EICA, the invasive potential of alien species depends, at
least in part, on their ability to evolve to reallocate resources
previously destined to defense from natural enemies, thus they
do not need to be competitively superior over native species at
the time of introduction into a community. Evidence for ERH,
EICA, and the Darwin’s Naturalization Hypothesis is strongly
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context-dependent (e.g., Daehler, 2001; Duncan and Williams,
2002; van Kleunen and Schmid, 2003; Hierro et al., 2004; Bossdorf
et al., 2005; Schaefer et al., 2011).
ARE INVASIVE SPECIES SUPERIOR COMPETITORS OVER NATIVE
SPECIES?
Resource competition may play an important role in both the
establishment (naturalization phase) and the spread (invasion
phase) of invasive alien species, as well as in determining the
magnitude and direction of the impact of plant invasions on
invaded communities. Competitive advantages associated with a
superior capacity to acquire resources have been regarded as a
key factor responsible for the dominance of many alien species
(sensu Grime, 1998) in the invaded communities (e.g., Tilman,
1997; Levine, 2000; Shea and Chesson, 2002; Levine et al., 2003;
Seabloom et al., 2003; Stachowicz and Tilman, 2005).
Whether or not invasive plants are competitively superior over
co-occurring native species thus represents a central question
in invasion ecology. The competitive ability of invasive species
has been compared to that of native species in several experi-
mental studies in which co-occurring invasive and native species
were grown separately or in mixtures, along a range of envi-
ronmental conditions (see Vilà and Weiner, 2004; White et al.,
2006 for reviews). Several studies have shown that many inva-
sive species possess higher values of competitively advantageous
traits than native and non-invasive species, including a superior
capacity to acquire and retain resources and/or to advantageously
exploit resources better than co-occurring native species (e.g.,
Huenneke et al., 1990; Burke and Grime, 1996; Rejmánek, 1996;
Callaway and Aschehoug, 2000; Daehler, 2003; Leishman and
Thomson, 2005; van Kleunen et al., 2010; Matzek, 2012), even
in ecosystems with low-resource availability (Tecco et al., 2010;
Funk, 2013). Also, there is evidence that resource competition
does not necessarily play an important role in determining domi-
nance by invasive plants (e.g., Mangla et al., 2011a) and a superior
competitive ability is not a necessary condition for successful
invasions (e.g., Corbin and D’Antonio, 2004; McGlone et al.,
2012).
Conceptual and methodological issues have characterized
many competition studies in invasion ecology, potentially affect-
ing our understanding of the role of resource competition in
plant invasions. First, the majority of studies have characterized
the competitive ability of co-occurring invasive and native species
indirectly, mainly by testing differences in biomass or other mea-
sures of plant growth or fitness, thus focusing on the outcomes
of competition and between invasive and native species, rather
than the process of competition (see Trinder et al., 2013 for a
discussion between direct and indirect measurements of plant
competition). Another potentially significant issue is associated
with the fact that the majority of studies on resource competition
between invasive and native species have focused on measuring
biomass at one point in time or on final harvest data, and have
not accounted for the dynamic nature of this process (see Trinder
et al., 2013).
A potential source of bias in the interpretation of competi-
tion studies in invasion ecology is associated with the fact that
several experiments have compared the competitive ability of
invasive (dominant alien species) vs. that of native subordinate
or transient species (sensu Grime, 1998). In this case, the selected
native species would likely be negatively affected by resource com-
petition with any dominant species, regardless of its native/alien
status. This bias was evident in Vilà andWeiner’s (2004) review of
pair-wise competition experiments, which supported the general
notion that invasive species are good competitors, although the
authors warned that dominance by invasive species could depend
on effects other than those associated with resource competi-
tion, including indirect competition, allelopathy (see Glossary;
Weidenhamer et al., 1989; White et al., 2006), or phylogenetic and
life form differences between species pairs.
The competitive ability of invasive vs. native species is depen-
dent on the environmental conditions encountered in the intro-
duced range (e.g., Alpert et al., 2000). Several authors have
pointed out that evidence for a superior competitive ability of
invasive species might be biased by the fact that the majority of
studies have been conducted in highly productive environments
(e.g., Kueffer et al., 2007), where invasive species tend to be better
competitors than native species via a superior capacity to acquire
resources more effectively than native species (e.g., Daehler, 2003;
Matzek, 2012).
Finally, few studies have assessed the importance of resource
competition relative to that of other mechanisms (e.g., Levine
et al., 2003; Vilà andWeiner, 2004; White et al., 2006). In a review
of 150 papers examining the impacts of alien plants, Levine et al.
(2003) showed that fewer than 5% of those studies had con-
firmed the mechanisms responsible for the impact of alien plants
(competition, allelopathy, or other processes), despite the major-
ity having identified resource competition as a major mechanism
underpinning their findings. The following provides is informa-
tion on what is known about the competitive ability of invasive
species vs. that of native species across a range of resource gradi-
ents, and on the factors that may hinder our capacity to assess the
importance of resource competition in plant invasions.
COMPETITION FOR NUTRIENTS
Variations in the competitive ability of invasive species along
resource gradients have received considerable attention (e.g.,
Grime, 1973, 1977, 2001; Newman, 1973; Tilman, 1982, 1988,
1997; Davis et al., 1998, 2000; Suding et al., 2004; Gross et al.,
2005). A superior ability to acquire nutrients has been regarded as
a major determinant of the successful establishment, spread, and
persistence of invasive species, particularly in highly productive
environments (e.g., Burke and Grime, 1996; Matzek, 2012), and
several studies have shown that nutrient enrichment can be dis-
proportionately more beneficial to invasive species than to natives
(e.g., Huenneke et al., 1990; Witkowski, 1991; Milchunas and
Lauenroth, 1995; Burke and Grime, 1996; Daehler, 2003; Lowe
et al., 2003; Leishman and Thomson, 2005; Vinton and Goergen,
2006; Abraham et al., 2009; Sharma et al., 2010). Moreover,
temporary increases in nutrient levels associated with natural
or anthropogenic disturbances (see Glossary) may mitigate the
negative effects of competition for nutrients (e.g., reduction in
growth or lateral spread) with native species (Quinn et al., 2007),
although the intensity of competition for nutrients may increase
with increases in N availability (Mangla et al., 2011b). In contrast,
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decreases in nutrient levels may reverse the outcome of competi-
tion, with native species performing better than invasive species
under low nutrient levels (e.g., Wedin and Tilman, 1993; Claassen
and Marler, 1998).
Despite being regarded as better competitors for nutrients
compared to native species in productive environments, many
invasive species have also colonized unproductive environments
(Groves et al., 2003; Funk, 2013). Increases in nutrient concentra-
tions associated with natural or anthropogenic disturbances may
promote plant invasions in these environments via a dispropor-
tionately beneficial effect on the competitive ability of invasive
species over that of native ones, such as in serpentine ecosys-
tems (O’Dell and Claassen, 2006) or in coastal dune communities
(French, 2012).
In addition to possessing a superior capacity to acquire nutri-
ents, many invasive species are known to reduce the level of
nutrients available to co-occurring native species in invaded com-
munities. For instance, Callaway and Aschehoug (2000) showed
that the Eurasian forb, Centaurea diffusa, which is invasive in
North America, had negative effects on nutrient (32P) uptake in
North American bunchgrass species, likely due to a differential
ability to use nutrients compared to native species. Suding et al.
(2004) also showed that C. diffusa is better able to use P and is less
limited by N compared to co-occurring native species in invaded
communities, while, under low P, it appears to lose its competi-
tive advantage and its response to resource competition is similar
to that of native species.
COMPETITION FOR WATER
A superior capacity to compete for water may play a major role
in promoting the establishment of alien species (e.g., Thebaud
et al., 1996). In environments characterized by low water avail-
ability, native species are expected to be better competitors for
water than alien species, due to a presumed adaptation to periodic
water deficits. However, there is evidence showing that invasive
species are better competitors even in environments characterized
by low water availability (Nernberg and Dale, 1997; López-Rosas
and Moreno-Casasola, 2012; Mason et al., 2012). For instance,
Nernberg and Dale (1997) showed that the competitive abil-
ity of five native grasses was lower than that of the alien grass
Bromus inermis, even under water stress. Mason et al. (2012)
tested competition effects along gradients of water availability
for a representative suite of species from coastal dune communi-
ties that had been invaded by Chrysanthemoides monilifera subsp.
rotundata and showed that native species were often weak com-
petitors compared to the invader, even under water stress, despite
their adaptation to periodic water stress in native coastal envi-
ronments, although native shrub species that are functionally
similar to the invader were more effective at competing against
the invader.
COMPETITION FOR LIGHT
Competition for light is generally regarded as an asymmetric type
of competition (Yokozawa and Hara, 1992), which occurs when
larger individuals obtain a disproportionate share of resources,
relative to their initial size, suppressing the growth of smaller
individuals (Begon, 1984; Weiner and Thomas, 1986; Keddy and
Shipley, 1989; Weiner, 1990; Gerry and Wilson, 1995; Connolly
andWayne, 1996; Freckleton andWatkinson, 2001; see Glossary).
Competition for light is considered a major determinant of the
successful establishment of alien species, with many invaders out-
competing native species via a superior ability to capture light and
via subsequent shading effects associated with a higher biomass
production compared to natives (e.g., Hobbs and Mooney, 1986;
Maule et al., 1995; Hutchinson and Vankat, 1997; Richardson
et al., 2000; Morris et al., 2002; Kueffer et al., 2007; Iponga et al.,
2008) and/or through related traits, such as a higher specific
leaf area (e.g., Smith and Knapp, 2001; Iponga et al., 2008). For
instance, Morris et al. (2002) showed that improved light cap-
ture and a greater stem elongation rate conferred the invasive
shrub Ligustrum sinense with a competitive advantage over the
native shrub Forestiera ligustrina. Such a superior competitive
ability in light acquisition appeared to explain its higher pho-
tosynthetic capacity and resource use efficiency, as well as the
observed fruit production of the invasive L. sinense vs. F. ligus-
trina (Morris et al., 2002). A superior capacity to compete for
light compared to native dominant trees (Acacia tortilis and
Rhus lancea) was reported to promote invasions by the alien
tree Schinus molle in semi-arid savannas in South Africa (Iponga
et al., 2008). Such a superior competitive ability was observed in
alterations in canopy symmetry in native trees that were asso-
ciated with a degree of intolerance to shading caused by the
invader.
The formation of a large biomass by many invasive species
is often associated with their superior capacity to compete for
light and contributes to determining the magnitude of the
impact of invasive species on native communities via shading
effects (Grime, 2001). However, an invader’s large canopy and/or
biomass may be due to a superior capacity to compete below-
ground for nutrients and water (e.g., Coomes and Grubb, 2000;
Kueffer et al., 2007) rather than to a superior capacity to com-
pete for light. Moreover, leaf dynamics or architecture may be
more important than a large shoot biomass per se in conferring
a high competitive ability (e.g., Grime, 2001). Assessments of
competition for light should thus be examined in combination
with assessments of the effects of competition for belowground
resources.
COMPETITION FOR SPACE
The allocation to vegetative vs. reproductive tissues is a func-
tion of the availability of underground space (McConnaughay
and Bazzaz, 1991). Despite the fact that physical space is not a
consumable resource (McConnaughay and Bazzaz, 1991; Bazzaz,
1996), its effects on the access to other resources such as water,
nutrients, and light could play an important role in determining
the outcomes of resource competition between alien and native
species. Themajority of studies referring to space constraints have
examined patterns of invasions following disturbances creating
gaps (increases in light availability) that can be colonized by rud-
eral invaders (e.g., D’Antonio and Vitousek, 1992; Hobbs and
Huenneke, 1992; Thompson et al., 2001; Buckley et al., 2007),
while the effects of space on competitive interactions between
invasive and native species represent a major research need (Gao
et al., 2014) that requires further investigation.
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THE IMPORTANCE OF PHENOLOGY
Phenological differences resulting in early growth and in the ini-
tiation of significant size increases prior to those of native species
may have a large impact on competitive interactions between
invasive and native species (e.g., Tiley et al., 1996; Caffrey, 2001;
Standish et al., 2001; Sala et al., 2007; Gioria and Osborne, 2010,
2013; Wilsey et al., 2011; Wolkovich and Cleland, 2011; Funk,
2013; Wolkovich et al., 2013). Early growth allows a species to
exploit the available resources before other species and avoid
competition for some resources during the initial stages of plant
development. Thus, in the presence of phenological differences
that allow an invasive species to grow earlier than native species,
a high competitive ability in the invader may be less important or
made unnecessary.
Drought avoidance is one particular example. In arid and
semi-arid ecosystems, invasive species are not necessarily less
drought-tolerant than native species (e.g., Williams and Black,
1994; Cleverly et al., 1997; Nernberg and Dale, 1997), and the suc-
cessful establishment of some annual invaders is associated with
a capacity to avoid drought stress (e.g., Solbrig, 1986; Fox, 1992)
by completing their life cycles over the short period when water
availability is high (see Alpert et al., 2000 and references therein).
In some cases invasive species may possess a combination of
water deficit evasion and tolerance mechanisms (Baruch and
Fernandez, 1993). In a review of species traits of invasive species
in low-resource environments, Funk (2013) showed that, in arid
and semi-arid environments, three studies out of three showed
that early germination was more pronounced in invasive rather
than in native species under low water availability, indicative
of potential phenotypic and/or adaptive responses to low water
availability of invasive species resulting in phenological changes.
Phenological differences between invasive and native species
represent a major confounding factor in determining the role
of resource competition in the successful establishment of early
growing alien species. Such differences should be accounted for as
they allow an invasive species to avoid resource competition dur-
ing the initial phase of development and confer an invader with
competitive advantages (resource pre-emption) that are due to a
capacity for early growth rather than to a superior competitive
ability.
INTER- AND INTRA-SPECIFIC COMPETITION
Competition at the early stages of plant development associated
with small differences in initial size and growth between neigh-
boring individuals may have long-term effects on competitive
interactions (Weiner, 1993; Foster and Gross, 1997, 1998; Suding
and Goldberg, 1999; Mangla et al., 2011b). Both interspecific
competition between invasive and native species and intraspecific
competition may thus affect the competitive ability of invasive
and native species. To date, few studies have, however, examined
the role of intra- and interspecific competition in determining the
outcomes of competitive interactions between invasive and native
species, and the results appear to be strongly species-specific.
For native species, interspecific competition with alien species
appears to be the predominant form of competition (Lowe
et al., 2003; Vasquez et al., 2008; Young and Mangold, 2008;
Mangla et al., 2011b), although intraspecific competition may
be important in determining the initial size of native seedlings,
with potential effects on the outcome of competition with inva-
sive seedlings (Mangla et al., 2011b). For some invasive species,
intraspecific competition is often the predominant type of com-
petition (Lowe et al., 2003; Vasquez et al., 2008; Young and
Mangold, 2008; Blank, 2010; Mangla et al., 2011b; Skálová et al.,
2013), likely reflecting stronger differences in competitive ability
between invasive and native species than among individuals of the
same species. For instance, examination of inter- and intraspecific
competition among four native and invasive Impatiens species,
Skálová et al. (2013) found that the invasive I. parviflora com-
peted better in intra- vs. interspecific competition, while the
invasive I. glandulifera performed better under interspecific com-
petition with its congeners, although it may form a large above-
ground biomass even in intraspecific competition experiments
(Bottollier-Curtet et al., 2013).
The importance or intensity of intra- vs. interspecific compe-
tition may differ with the stage of the life cycle (e.g., Young and
Mangold, 2008; Mangla et al., 2011b), since individual plants go
through various physiological stages as they develop and compe-
tition occurs within and between stages for different individuals
(Connell, 1983; Cameron et al., 2007; Mangla et al., 2011b). For
instance, Mangla et al. (2011b) performed a range of competition
experiments that tested the intensity and importance of intra- and
inter-specific competition between two invasive annual grasses
(Bromus tectorum and Taeniatherum caput-medusae), which are
native to Eurasia and the Mediterranean region, and two native
perennial grasses (Pseudoroegneria spicata and Poa secunda) that
co-occur in their invasive range. They showed that native peren-
nial grasses were subject to both intra- and interspecific compe-
tition with invasive annual species during early growth stages,
but the type of competition differed among four harvests. This
suggests that the relative importance of intra- vs. interspecific
competition varies among harvests during the early stages of plant
growth (Mangla et al., 2011b; see Trinder et al., 2013) and empha-
sizes the importance of examining competition at several points
in time (Foster and Gross, 1997, 1998; Gibson et al., 1999), par-
ticularly when comparing species characterized by different life
cycles (Gibson et al., 1999).
Bossdorf et al. (2004) warned that experiments aimed at
identifying potential mechanisms leading to the successful estab-
lishment of invasive species may provide contrasting outcomes
depending on whether the effects of intraspecific competition
are accounted for or not, given that, under intense intraspecific
competition, invasive populations may have lower fitness (van
Kleunen and Schmid, 2003) and a reduced competitive ability
(Bossdorf et al., 2004). Future studies should address this research
gap, given the importance that intraspecific competition may
play, particularly at the initial stages of invasion.
ABOVE- AND BELOW-GROUND COMPETITION
Plants use different parts (leaves vs. roots) to compete above-
ground (for space and light) and belowground (for nutrients,
water, and space) (Casper and Jackson, 1997; Schenk, 2006). The
effects of belowground competition are not necessarily additive
to those of aboveground competition (Wilson, 1988) but can be
opposing and result in complex interactions (Wilson and Tilman,
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1995). Roots of different species may interact so that those of
one species may increase or decrease the concentration of dif-
ferent resources available to roots of other species (e.g., Schenk,
2006; Berger et al., 2008). It has been argued that, particularly
in low productivity environments, belowground competition for
nutrients is likely to be more important than aboveground com-
petition for light in promoting the successful establishment and
the persistence of invasive species (Dietz and Edwards, 2006). For
instance, Kueffer et al. (2007) showed that belowground compe-
tition reduced significantly the growth of native juvenile trees in
forests dominated by the invasive tree Cinammomum verum.
Despite the potentially different effects of above- and below-
ground competition on the overall outcomes of resource compe-
tition between invasive and native species, the majority of studies
in plant invasions have focused on observations of patterns in
the aboveground vegetation and only few have examined below-
ground competition between invasive and native species (e.g.,
Gorchov and Trisel, 2003; Kueffer et al., 2007; Dehlin et al., 2008).
How invasive and native plants compete above- and belowground
for limiting resources, how they may alter the resources available
to neighboring plants, and how they may alter the allocation of
available resources to above- vs. belowground structures or to
vegetative vs. reproductive structures in neighboring plants, have
been seldom explored. More information is also required on how
invasive species are associated with soil microbes, including sym-
biotic and associated N-fixing bacteria and mycorrhizae, in both
high- and low-resource ecosystems (Funk, 2013). Mycorrhizae, in
fact, may be important mediators of resource competition among
plants (e.g., Hetrick et al., 1992; Bazzaz, 1996; Moora and Zobel,
1996), but information on this topic is scarce (Marler et al., 1999).
COMPARING ALIEN DOMINANT AND NATIVE DOMINANT SPECIES
Dominant species, regardless of their native/alien status, are con-
sidered to play a major role in regulating plant community
dynamics (Grime, 1998; Smith et al., 2004), as they are respon-
sible for most of the biomass in many communities, even where
many transient or subordinate species are present (sensu Grime,
1998).
Comparisons of the competitive ability of alien vs. native dom-
inants can be useful to assess the role of resource competition
in plant invasions, at different stages of the invasion process.
Few studies have however addressed this topic, and have done
so mainly by comparing biomass as a measure of the competi-
tive ability of a species, although differences in biomass might not
be good indicators of a differential competitive ability given that
dominant character of the species being compared. Among the
studies addressing this question, Bottollier-Curtet et al. (2013)
compared five dominant native species and five invasive species
that co-occur along the Garonne River, France, and showed that,
over a six-month-period, invasive dominants produced larger
above- and belowground biomass compared to native dominants
in 73% species pairs, suggesting a superior competitive ability
of alien dominants over native dominants. Hovick et al. (2011)
compared the competitive ability of two co-occurring dominant
wetland species, the invasive Lythrum salicaria and the native
Typha latifolia, by examining the colonizing success of seedlings
of species other than the two dominants in monocultures of each
dominant species. They found that L. salicaria reduced the success
of colonizing species to a greater degree than T. latifolia, although
differences in biomass explained little variation in colonizing
success, and suggested that T. latifolia suppresses colonization
via light reduction while L. salicaria does so via below-ground
competition.
The potential role of dominance by native species in promot-
ing the successful establishment of alien species has been recently
emphasized (e.g., Smith et al., 2004; van Riper and Larson, 2009).
In an experiment on a native Kansas grassland in which domi-
nance by C4 grasses was manipulated (reduced by 25 and 50%),
Smith et al. (2004) found that invasion byMelilotus officinalis was
facilitated in plots dominated by dominant natives, due to their
capacity to mitigate stressful environmental conditions, while
reductions in dominance by C4 grasses reduced the establish-
ment of the invader. These authors suggested that dominance
is a key characteristic determining the establishment of alien
species, depending on whether dominant native species exacer-
bate resource competition or mitigate stressful conditions (Smith
et al., 2004). Similar findings for this species were reported by van
Riper and Larson (2009), who showed that M. officinalis acted as
a weak competitor and had no consistent effects on other species
in a wheatgrass (Pascopyrum smithii) prairie, while, under sub-
optimal conditions, it acted as a nursing plant, facilitating the
growth of other species.
Since dominance represents an important plant community
trait (Grime, 2001; Hovick et al., 2011), additional studies are
needed to determine whether native dominants may facilitate or
prevent plant invasions by alien dominants; whether differences
in the competitive ability of alien and native dominants is key to
the successful establishment of alien dominants and whether this
competitive advantage is likely to be transient or long-lasting.
ACCOUNTING FOR PHYLOGENETIC RELATEDNESS
Phylogenetic relatedness provides a measure of how much evo-
lutionary history two species share and of their ecological sim-
ilarity (Webb, 2000), with closely related species expected to
have traits more similar than phylogenetically distant species,
including traits involved in resource competition. Phylogenetic
relatedness should thus be accounted for when one wants to
capture differences in competitive ability among species, as this
alone can explain part of the observed differences. This can be
achieved by comparing phylogenetically related species, which
allows minimizing trait differences among species associated with
their evolutionary history (Powell and Knight, 2009).
Congeneric comparisons between phylogenetically related
invasive and co-occurring native species thus represent an effec-
tive way of assessing the role of resource competition in the
successful establishment of invasive species. Few studies, however,
have examined resource competition between invasive and native
congeners (Powell and Knight, 2009; Skálová et al., 2013).
Skálová et al. (2013) compared the effects of resource compe-
tition in four Impatiens species of different origin and invasive
potential in central Europe: the native I. noli-tangere, and the
aliens I. glandulifera (highly invasive), I. parviflora (less invasive)
and I. capensis (potentially invasive). They found that I. glan-
dulifera was the strongest competitor, followed by I. parviflora,
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particularly under low soil moisture conditions, while I. capen-
sis was sometimes limited by alien competitors. These findings
seem to indicate that a high competitive ability is important in
determining the invasion success of Impatiens species and that
invading congeners may outcompete the native I. noli-tangere.
Powell and Knight (2009), in contrast, did not find any evidence
for a superior competitive ability of invasive vs. native congeners.
They compared the competitive ability of five Cirsium species co-
occurring in northern California: the invasive C. vulgare and four
native species, including the endemic C. fontinale var. fontinale.
Contrary to their predictions, C. fontinale competed well even
under high nutrient conditions and showed no significant reduc-
tions in biomass in competition experiments with C. vulgare,
suggesting that its restriction to low-nutrient serpentine environ-
ments is due to factors other than a poor competitive ability in
more productive habitats.
Congeneric comparisons between invasive and non-invasive
alien congeners, conversely, can be useful to identify those traits
that may confer invasive species with a high competitive abil-
ity. Several studies have shown that many invasive species pos-
sess higher values of competitively-related advantageous traits
compared to non-invasive phylogenetically-related species (e.g.,
McDowell, 2002; Deng et al., 2004), including a higher N allo-
cation to photosynthesis and N-use efficiency (e.g., Feng et al.,
2007, 2008, 2009; Feng, 2008), and a higher specific leaf area (e.g.,
Grotkopp and Rejmánek, 2007; Feng et al., 2008; van Kleunen
et al., 2010; Matzek, 2012), larger root biomass, and fast rel-
ative growth rate (e.g., Burns, 2004; Grotkopp and Rejmánek,
2007). These traits, however, are not necessarily good predictors
of the successful establishment or persistence of an alien species
(e.g., Leishman et al., 2010; Meisner et al., 2011), while studies
examining resource competition between invasive vs. native con-
geners, under a range of environmental conditions, could provide
important insights into themechanisms underlying the successful
establishment of invasive species.
RESOURCE COMPETITION AND PHENOTYPIC PLASTICITY
Phenotypic plasticity is the ability of a particular genotype to
express a range of phenotypes in response to different environ-
mental conditions (Bradshaw, 1965). High phenotypic plasticity
in invasive plants has long been regarded as plant feature that may
increase the probability of a species to become invasive (Baker,
1965; Pyšek and Richardson, 2006; Richards et al., 2006; Nicotra
et al., 2010; Davidson and Nicotra, 2012). Phenotypic plasticity
in functional traits may enhance niche breadth (Bradshaw, 1965;
Sultan, 2001; Richards et al., 2006), i.e., the niche space or range
of conditions required by a species, and may thus play an impor-
tant role in the successful establishment of alien species in novel
environments and its persistence in a community (Palacio-López
and Gianoli, 2011).
A large number of studies have examined whether invasive
species are more plastic than non-invasive or native species
(e.g., Richards et al., 2006; Skálová et al., 2012), even in low
resource environments (Funk, 2008), although contrasting
results have been reported (Bossdorf et al., 2008; Davidson et al.,
2011; Palacio-López and Gianoli, 2011; Matzek, 2012). Greater
plasticity could indicate that (1) plasticity plays an important
role in determining the successful establishment of alien species;
and/or (2) plastic genotypes within species were selected during
the invasion process (see Drenovsky et al., 2012 and references
therein). In a recent meta-analysis of 75 phylogenetically related
invasive/non-invasive species pairs, Davidson et al. (2011) found
that invasive species had significantly higher phenotypic plasticity
in a wide variety of morphological and physiological traits than
non-invasive species, and they were nearly always more plastic in
their response to increased nutrient availability than non-invasive
species.
As described in Richards et al. (2006), phenotypic plasticity
in an invasive species may be adaptive if it enables a genotype
to (1) maintain fitness (fitness homeostasis) in unfavorable envi-
ronments (“jack-of-all-trades” response to decreased resources),
(2) increase fitness in favorable environments (“master-of-some”
response to increased resources), or (3) both (“jack-and-master”
strategy), i.e., a combination of both strategies, which corre-
sponds to the “ideal weed” described by Baker (1965) and could
allow a species to maintain high fitness across a broad environ-
mental range (Mozdzer and Megonigal, 2012). The “master-of-
some” strategy provides a mechanism by which higher plasticity
of invasive species could enable invasive species to outcompete
native species, thus facilitating the persistence of alien species
in both low- and high-resource environments (Davidson and
Nicotra, 2012; Mozdzer and Megonigal, 2012).
Recent findings show that high plasticity is not necessarily cor-
related to a higher fitness (e.g., Davidson et al., 2011; Matzek,
2012), and our knowledge of the effects of high plasticity as
an important species trait in invasion processes is still limited
(Hulme, 2008). Matzek (2012) tested the relative contribution
of high trait values and high trait plasticity to relative growth
rate (a proxy for fitness) for 10 closely related invasive and non-
invasive Pinus species, and showed that in responding to higher
N supply, superior trait values and not trait plasticity provides
the better explanation for the performance of invasive species in
a changing environment. Davidson et al. (2011) also showed that,
despite invasive species having a higher phenotypic plasticity in
75 invasive and non-invasive species pairs, increases in resources
did not result in higher fitness in invasive vs. non-invasive species
comparisons.
Whether phenotypic plasticity resulting in higher fitness could
be adaptive and/or indeed promote the successful establishment,
spread, and long-term persistence of alien species has not been
clarified (Daehler, 2003; van Kleunen and Fischer, 2005; Peacor
et al., 2006; Richards et al., 2006; Davidson et al., 2011; Davidson
and Nicotra, 2012; Matzek, 2012) and the effects of high pheno-
typic plasticity in both invasive and native plants on competitive
interactions between invasive and native species requires further
investigation.
ROLE OF RAPID EVOLUTION IN RESOURCE COMPETITION
There is evidence that invasive species may show a capacity to
undergo rapid evolutionary changes associated with the novel
environmental conditions encountered in the communities where
they have become invasive (Thompson, 1998; Sakai et al., 2001;
Lee, 2002; Stockwell et al., 2003; Bossdorf et al., 2005, but see e.g.,
Pahl et al., 2013). For some introduced species, adaptations to the
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novel conditions encountered in the introduced range resulting
in an increased competitive ability may substantially alter com-
petitive interactions between alien and native species over time
(Bossdorf et al., 2005) and may play an important role in deter-
mining the persistence and the impact of an invader on native
communities.
The release from natural enemies may alter competitive inter-
actions via the increased reallocation of resources to reproduc-
tion and growth that were previously devoted to defense (e.g.,
Siemann and Rogers, 2001, 2003). This is the basis for the EICA
hypothesis (Blossey and Nötzold, 1995; Willis et al., 2000; Vilà
et al., 2003; Callaway and Ridenour, 2004), which has been used
to explain why many invasive species often occur at greater den-
sities and have a superior competitive ability in their invasive
range compared to native species (e.g., Crawley, 1997; Keane and
Crawley, 2002; Pergl et al., 2007).
There is little support for the “full” EICA hypothesis being
a major factor in the successful establishment of alien plants
(Thompson, 2014), with several studies finding no evidence of
an increased performance of invasive species released from their
specific herbivores, pathogens or parasites (Maron and Vilà, 2001;
Thebaud and Simberloff, 2001; Bossdorf et al., 2004, 2005; Maron
et al., 2004, 2014; Franks et al., 2008; Ridenour et al., 2008). An
additional mechanism potentially leading to an increased com-
petitive ability in invasive species was proposed by Feng et al.
(2009), based on observations that the invasive shrub Ageratina
adenophora had evolved an increased N allocation to photosyn-
thesis (growth) and a reduced allocation to structural defenses
(cell walls) in invasive populations compared to native popula-
tions. Moreover, if plants in invasive populations had more intra-
than interspecific neighbors, they could evolve a reduced compet-
itive ability (Evolutionary Reduced Competitive Ability; ERCA)
that would allow the conservation of resources that would be oth-
erwise required to compete against native species (Bossdorf et al.,
2004). These resources could then be used for other processes
that may lead to successful invasions, such as allelopathy (Prati
and Bossdorf, 2004), developing plastic responses, or improving
tolerance to herbivory (Bossdorf et al., 2004).
Not only may alien species respond to the novel conditions
encountered in the introduced range, but also native species have
the potential to adapt to the conditions created by the introduc-
tion of invasive species and evolve a capacity to compete with
invasive species (Strauss et al., 2006b; Carroll et al., 2007; Mealor
and Hild, 2007). Evolutionary changes leading to the genetic
adaptation of invasive species and the co-evolution of invasive and
native species may strongly affect resource competition between
invasive and native species over time.
As changes in competitive ability may be evolutionary or due
to phenotypic plasticity, understanding how resource competi-
tion between invasive and native species may change over time
requires designing experiments that can identify which traits
respond evolutionarily and which show a plastic response (and
whether these responses will interact).
A TRANSIENT COMPETITIVE ADVANTAGE?
The temporal component of competitive interactions between
invasive and native species is an important topic of research
in invasion ecology. Increasing evidence shows that competitive
advantages of invasive species over natives may be important
only in the initial phases of the invasion process (e.g., Milchunas
and Lauenroth, 1995; Claassen and Marler, 1998; Corbin and
D’Antonio, 2004; Sala et al., 2007; Goldstein and Suding, 2014).
Over time, the competitive ability of invasive species could
decrease and ultimately result in the displacement of invasive
species by natives (see Thompson, 2014 and references therein)
through competitive exclusion (Corbin and D’Antonio, 2004;
McGlone et al., 2012), although the dynamics of competitive
interactions remain unclear.
Evidence for a superior competitive ability of invasive species
over natives may thus have been biased by the design and
relatively short-term duration of the majority of competition
experiments involving native and alien species. Weiner (1993)
emphasized the importance of the time scale in the study of com-
petition, pointing out that the outcome of competition between
two species may change over time. The major point is that short-
term assessments may not give a good representation of the
competitive ability of a species over the course of its develop-
ment (see Milchunas and Lauenroth, 1995; Claassen and Marler,
1998; Corbin and D’Antonio, 2004; Sala et al., 2007; Goldstein
and Suding, 2014, see Weiner, 1993; Trinder et al., 2013).
RESOURCE COMPETITION AND INVASIBILITY
RESOURCE AVAILABILITY AND OTHER ABIOTIC CONDITIONS
Resource competition is dependent on the spatial and tempo-
ral distribution of resources, and any change in the availability
of limiting resources will inevitably alter the competitive balance
between invasive and native species (Alpert et al., 2000). It has
been shown that a highly heterogeneous distribution of resources
may promote high species richness even in strongly competitive
communities (e.g., Planty-Tabacchi et al., 1996; Stohlgren et al.,
1999), via increasing niche differentiation, i.e., the use of different
forms of a resource (Tilman, 2004; see Glossary).
An important question in invasion ecology is whether high-
resource environments or environments characterized by low
non-resource environmental stresses aremore susceptible to inva-
sions by alien plants compared to low-resource environments.
Depending on the physiological amplitude of a species, the pres-
ence of a major abiotic stress may (1) prevent plant invasions
regardless of the competitive abilities of native vs. alien species;
(2) may prevent invasions only in combination with competi-
tion from native species; or (3) may slow an invasion but not
prevent it (Alpert et al., 2000). If native species in a community
were competitively superior over alien species, invasions would
be prevented or slowed.
Vitousek et al. (1997) suggested that only few ecosystems are
unlikely to be invaded by alien species. Despite difficulties in
making robust generalizations on the characteristics of invaded
communities (Rejmánek et al., 2005), there is evidence that plant
communities differ in their degree of invasibility, i.e., their vul-
nerability to invasions (Lonsdale, 1999; Davis et al., 2000, 2005;
see Glossary). High resource environments and/or environments
characterized by low abiotic stresses indeed appear to be more
invasible than low-resource environments (e.g., Huenneke et al.,
1990; Burke and Grime, 1996; Daehler, 2003; Gross et al., 2005;
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Stohlgren et al., 2008; Moles et al., 2012; see Funk and Vitousek,
2007; Funk, 2013), although we have already mentioned a poten-
tial bias associated with a larger number of studies in high- vs.
low-resource environments (e.g., Kueffer et al., 2007; Funk, 2013).
A lower invasibility in low-resource environments is often
attributed to the assumption that native species should possess a
competitive advantage over invasive species associated with their
being adapted to the growth-limiting conditions characterizing
such environments, while alien species have not had the opportu-
nity to adapt to the local environmental conditions at the time
of introduction (“the paradox of invasion,” Alpert et al., 2000;
Sax and Brown, 2000; Daehler, 2003). However, jack-of-all-trade
alien species can perform as well as natives under a broad range
of environmental conditions, thus high resources or low environ-
mental stresses are not good predictors of successful invasions.
Many alien species have, in fact, invaded low-resource environ-
ments (Funk and Vitousek, 2007; Funk, 2013), including arid and
semi-arid grasslands (Fowler, 1986), serpentines (e.g., Huenneke
et al., 1990; O’Dell and Claassen, 2006; Vallano et al., 2012), or
coastal dunes (e.g., French, 2012; Gioria and Osborne, 2013).
Moreover, low nutrient availability may not affect competition
(Kolb and Alpert, 2003) and, in one instance, low resources have
been found to even promote invasions (Cleverly et al., 1997; see
Funk, 2013).
This apparent paradox has been explained with some of
the theories described in this paper, including high phenotypic
plasticity, a capacity for rapid evolutionary adaptive changes, the
release from enemies, high environmental heterogeneity, or a
superior competitive ability characterizing invasive species that
are native to species-rich regions where resource competition
is high (Sax and Brown, 2000). Moreover, in low-resource
environments, any temporary increase in available resources can
be disproportionally beneficial to invasive plants (e.g., Hobbs
and Mooney, 1991; Dukes and Mooney, 1999; Kolb et al., 2002;
Thomsen et al., 2006; Abraham et al., 2009), although the tempo-
ral dimension of these effects requires additional investigations.
RESOURCE ACQUISITION vs. RESOURCE CONSERVATION TRAITS
A question that has received increasing attention in invasion ecol-
ogy is whether invasive species possess more resource acquisition
or resource conservation traits, in high vs. low resource envi-
ronments (Crawley et al., 1996; Funk and Vitousek, 2007; Tecco
et al., 2010; Funk, 2013). A superior competitive ability of alien
species over that of natives is often associated with a high ability
to acquire and retain resources (Tecco et al., 2010), although the
traits associated with this ability are strongly habitat-dependent
(Theoharides and Dukes, 2007). Successful invaders tend to pos-
sess traits associated with rapid resource acquisition and growth,
including nutrient-rich leaves, with a high specific leaf area, and a
short lifespan, in high resource environments (Burns, 2004, 2006;
Blumenthal, 2005; Leishman and Thomson, 2005; Rejmánek
et al., 2005; Grotkopp and Rejmánek, 2007; Leishman et al., 2007;
Feng, 2008; Feng et al., 2008; van Kleunen et al., 2010; Matzek,
2012), while in low-resource environments, invasive species vary
significantly in their strategies to cope with low resource avail-
ability, possessing either traits indicative of resource conservation
or resource acquisition strategies (Funk, 2013). In particular,
invasive species appear to use nutrients more efficiently than
co-occurring native species in low-nutrient soils, while in light-
limited systems, invasive and native species are similar in their
water use efficiency (Funk, 2013).
The life form of the invaders may affect the results of studies
addressing this research question. In an investigation compar-
ing functional traits in native and alien species of central-western
Argentina, across contrasting ecosystem types and management
regimes, Tecco et al. (2010) showed that woody alien species pos-
sessed significantly more acquisitive sets of attributes than native
species, while they did not detect any significant difference in trait
syndrome (acquisitive vs. conservative) between herbaceous alien
and native species.
It is worth noting that acquisitive vs. conservative strategies or
syndromes in low-resource ecosystems are not necessarily incom-
patible, and that enhanced resource acquisition and the sparing
use of those resources in biomass production could arguably go
hand in hand, and differences with natives could be dependent
upon the “opportunistic” response with a higher capacity of inva-
sive species to exploit pulses or enhanced resource levels being
important (see also Grime and Hunt, 1975 on variation in relative
growth rate). Future research should examine the extent to which
differences in functional strategies (acquisitive vs. conservative)
in invasive and native species may help predict the outcomes of
competitive interactions between invasive and native species.
DISENTANGLING RESOURCE COMPETITION FROM OTHER
MECHANISMS
COMPETITION, RECRUITMENT LIMITATION
Recruitment limitation in both alien and native species may affect
the outcomes of resource competition and resource competi-
tion dynamics (e.g., Hamilton et al., 1999; French et al., 2011;
Gioria et al., 2012). In his neutral theory of ecological equiva-
lence of species in a community, Hubbell (2001, 2006) proposed
that recruitment limitation can delay competitive exclusion asso-
ciated with asymmetric competition. In a theoretical study on
plant competition for space, Hurtt and Pacala (1995) showed
that competitively inferior species can coexist with dominant,
competitively superior species, when the dominant species is
recruitment limited. Thus, in the absence of niche differentia-
tion (see Glossary), the outcomes of competition should mainly
depend on differences in the competitive ability of alien vs. native
species, with competitively superior species ultimately excluding
competitively inferior species. Recruitment limitation in inva-
sive species that are better competitors than natives should thus
delay competitive exclusion of natives, while recruitment limita-
tion in native species should exacerbate the effects of competition
with competitively superior invasive species. This is consistent
with the results of experimental studies showing that recruit-
ment limitation in native species exacerbated the competitive
effects of invasive species (Tilman, 1997; MacDougall, 2004),
while Seabloom et al. (2003) showed that dominance patterns
by alien annuals were likely caused by recruitment limitation of
native perennial species rather than by a superior competitive
ability of alien species in a California grassland community.
The importance of recruitment limitation relative to that of
resource competition in determining the successful establishment
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of alien species and in the persistence of invasive species in a com-
munity deserves further investigations, as recruitment limitation
in native species may increase the invasibility of native commu-
nities regardless of the competitive ability of the introduced alien
species (Hamilton et al., 1999; Turnbull et al., 2000; French et al.,
2011; Gioria et al., 2012).
NICHE vs. FITNESS DIFFERENCES
Niche differences reflect differences in resource use or response
deriving from long-term competitive interactions among the
species present in a community (Bazzaz, 1996; see Glossary). In
contrast, fitness differences reflect differences in competitive abil-
ity (e.g., Tilman, 1988), in fecundity, or in the susceptibility to
predators and pathogens (seeMacDougall et al., 2009), and can be
estimated by differences in growth rate (Adler et al., 2007). Niche
and fitness differences have opposite effects on the outcomes of
competition (Chesson, 2000) and may strongly affect the impor-
tance of resource competition in the successful establishment,
spread, and persistence of alien species, although their impor-
tance relative to that of resource competition requires further
investigations.
MacDougall et al. (2009) proposed an interesting framework
to unify previous theories on coexistence between alien and native
species along a fitness and niche differences axis. Niche differences
between alien and native species may facilitate the establishment
of alien species (MacDougall et al., 2009), by allowing an alien
species to avoid resource competition, and may favor coexis-
tence (Adler et al., 2007). In contrast, in the absence of niche
differences, fitness differences will lead to the competitive exclu-
sion of species with a comparatively low average fitness. This
framework also encompasses the Empty Niche Hypothesis (e.g.,
Stachowicz and Tilman, 2005), which postulates that the presence
of empty niches, i.e., niches not occupied by any native species,
may promote invasions by niche-differentiated alien species due
to the incomplete use of resources by native species. Thus, even
if an alien species was a poor competitor, it could establish and,
ultimately, become invasive in the presence of empty niches.
INDIRECT COMPETITION
Besides competition for resources, other types of interactions
(e.g., indirect competition and allelopathy) may affect the estab-
lishment, spread, and persistence of alien species in invaded com-
munities. Indirect competition includes competition for shared
pollinators and apparent competition (see White et al., 2006).
Competition for shared pollinators often results in a reduced
visitation of pollinators to native species associated with the pres-
ence of an alien species (e.g., Brown et al., 2002; Moragues and
Traveset, 2005; Munoz and Cavieres, 2008; Kandori et al., 2009;
Morales and Traveset, 2009; Palladini and Maron, 2013) and
may be exacerbated by the dominance of invasive species in a
community (Bjerknes et al., 2007; Morales and Traveset, 2009).
Despite an increasing interest in this type of competition, studies
assessing the importance of resource competition relative to that
of competition for shared pollinators are scarce. Among these
studies, Palladini and Maron (2013) showed that, although the
invasive perennial forb Euphorbia esula reduced substantially pol-
lination visitation to native annual Clarkia pulchella, native plants
were not pollen-limited, suggesting that resource competition was
more important than apparent competition in conferring E. esula
a competitive advantage over C. pulchella.
Apparent competition between plants occurs when one species
alters the abundance or the distribution of consumers and thus
the consumption of other species (Holt, 1977; Holt and Kotler,
1987; Connell, 1990). More specifically, apparent competition
may occur (1) when a species provides a consumer with a non-
food resource, e.g., shelter, allowing the consumer population
to increase and spread, with subsequent negative effects on the
native species, or (2) when both plant species provide a food-
resource to a food-limited consumer (e.g., Sessions and Kelly,
2002; Orrock et al., 2008; Dangremond et al., 2010; Recart et al.,
2013).
Relatively few studies have examined the role of apparent com-
petition in promoting plant invasions, although the interest in
this type of competition has increased. There is evidence that
apparent competition between alien and native species have sig-
nificant negative consequences for native species (Sessions and
Kelly, 2002; Orrock et al., 2008; Dangremond et al., 2010; see
White et al., 2006 for a review), although its effects appear to
be strongly context-dependent (e.g., Orrock and Witter, 2010;
Mattos et al., 2013; Recart et al., 2013). Such negative effects of
apparent competition could contribute to reduce the competitive
ability of native species over that of invasive species. The presence
of alien species may, however, have positive effects on the compet-
itive ability of native species by reducing the pressure of generalist
herbivores on native species. Recent studies (Jacquemart et al.,
2013) and meta-analyses (Parker and Hay, 2005; Parker et al.,
2006) indicate that some generalists have a preference for alien
plant hosts over native plants, while some alien plants may neg-
atively impact on the survival of generalist herbivores (Tallamy
et al., 2010), andmay thus benefit native species, altering the com-
petitive balance between alien and native species. How apparent
competition may affect or interact with resource competition in
determining the establishment of alien species remains unclear
and requires additional investigations.
ALLELOPATHY
Allelopathy can be defined as the effect of one individual on its
neighbors associated with the release of chemical compounds
from roots, shoots, leaves, or flowers (Rice, 1984, see Glossary).
The Novel Weapon Hypothesis postulates that the invasiveness
of certain alien species could depend on their ability to pro-
duce secondary metabolites that are evolutionarily novel in their
introduced range and that interfere with native plants, microbes,
pathogens, or generalist herbivores and reduce the growth of
native plants (e.g., Callaway and Aschehoug, 2000; Bais et al.,
2003; Hierro and Callaway, 2003; Callaway and Ridenour, 2004;
Callaway et al., 2004; Pisula and Meiners, 2010; Uddin et al.,
2014). The production of allelochemicals generally has effects that
are greater in a species’ introduced range than in its native range
(e.g., Callaway and Aschehoug, 2000; Bais et al., 2003; Hierro and
Callaway, 2003; Callaway and Ridenour, 2004; Callaway et al.,
2004, 2008; Prati and Bossdorf, 2004; see Inderjit et al., 2011 and
references therein for a discussion on evolutionary changes in
allelochemical effects).
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While a capacity to produce chemical defenses against com-
petitors has been viewed as a factor potentially conferring a
species with a competitive advantage over neighboring species,
recent evidence shows that increases in the production of alle-
lochemicals in response to intense resource competition may
substantially reduce the growth of the same species and increase
their palatability to herbivores, with potential negative effects on
their ability to compete for resources (Rasher and Hay, 2014).
The full ecological implications of allelopathy on resource com-
petition between alien and native species remain unclear. Future
research on this topic must, however, be reconciled with the
well-known difficulties associated with separating the effects of
resource competition from those of allelopathy in natural systems
(see Inderjit and del Moral, 1997).
FUTURE RESEARCH DIRECTIONS
GLOBAL CHANGE AND RESOURCE AVAILABILITY
Global environmental changes, such as climate change, increas-
ing atmospheric CO2, and atmospheric N deposition, will affect
the spatio-temporal distribution and dynamics of the resources
available to plants (Wedin and Tilman, 1996; Dukes, 2000, 2002b;
Smith et al., 2000). Such changes will inevitably affect resource
competition between alien and native species (e.g., Vitousek,
1994; Vitousek et al., 1996; Dukes and Mooney, 1999; Dukes,
2000, 2002b; Novoplansky and Goldberg, 2001; James et al., 2006;
Bradley et al., 2009; Firn et al., 2010).
Competition experiments can provide important insights into
the effects of global environmental changes on resource competi-
tion between alien and native species, although, to date, expected
changes in competitive interactions among species have been
mainly based on individual species responses (see Goldstein and
Suding, 2014 and references therein). An interesting study on
the effects of climate change on competitive interactions between
alien and native species is that of Goldstein and Suding (2014),
who examined changes in resource competition between alien
grasses and California coastal sage scrub species associated with
projected changes in rainfall patterns in additive competition
experiments, under three rainfall treatments: (1) frequent small
events, (2) infrequent large events, and (3) infrequent small
events. Rainfall amount and frequency altered competitive inter-
actions between California coastal sage scrub and grasses. In
the first year, the competitive effect of annual grasses on shrub
seedlings was strongest under treatment (1), while in the second
year, the established shrubs started exerting strong competitive
effects on grasses, particularly under treatment (3) with a low
total rainfall. These findings suggest that reductions in both
rainfall frequency and total rainfall may alter plant community
composition and invasion dynamics via alterations in competitive
interactions between alien grasses and native species.
Increasing levels of N deposition associated with anthro-
pogenic activities are expected to favor the establishment and
long-term persistence of invasive species (e.g., Dukes and
Mooney, 1999; Bobbink et al., 2010; Vallano et al., 2012).
The strong positive growth and competitive response of many
invaders to N addition (e.g., Huenneke et al., 1990; Witkowski,
1991; Milchunas and Lauenroth, 1995; Burke and Grime, 1996;
Daehler, 2003; Lowe et al., 2003; Leishman and Thomson, 2005)
suggest that N deposition may increase the competitive ability of
invasive species vs. that of natives, particularly in low-nutrient
environments, where native species are adapted to nutrient-
deficient soils (e.g., Huenneke et al., 1990; Burke andGrime, 1996;
Kolb et al., 2002; Lowe et al., 2003; Thomsen et al., 2006; Vallano
et al., 2012).
Increasing concentrations of atmospheric CO2 are also
expected to impact on resource competition between alien and
native species. Evidence shows that elevated CO2 stimulates pho-
tosynthetic carbon gain and net primary production, improves
nitrogen use efficiency, and decreases water use, thus remov-
ing some moisture constraints (e.g., Ainsworth and Rogers,
2007; Leakey et al., 2009). In competition-free systems (experi-
ments conducted using monocultures), invasive plants seem to
respond strongly to increases in CO2, in the short-term, but their
response in competitive systems could be reduced (Bazzaz and
McConnaughay, 1992; Dukes, 2000). How projected global envi-
ronmental changesmay affect resource competition between alien
and native species in competitive systems still remains unclear and
deserves further investigation (Dukes, 2002a; Vallano et al., 2012;
Goldstein and Suding, 2014).
ALTERATIONS IN RESOURCE AVAILABILITY BY ESTABLISHED ALIEN
SPECIES AND SECONDARY INVASIONS
There is strong evidence that many invasive species are capable
of altering the levels of available resources in invaded ecosys-
tem (e.g., Vitousek et al., 1996; Lindsay and French, 2004, 2005;
Ehrenfeld, 2010; Vilà et al., 2011; Pyšek et al., 2012). Plant inva-
sions may do so by altering the composition of native commu-
nities and patterns of dominance among plant functional types,
including herbaceous vs. woody plants, C3 vs. C4 species, or
nitrogen-fixing vs. non nitrogen-fixing species. These changes can
strongly affect the distribution and dynamics of soil nutrients and
other resources (e.g., Vitousek et al., 1987; Fogarty and Facelli,
1999; Gill and Burke, 1999; Ehrenfeld, 2010), by alterations in
nutrient availability associated with the introduction of nitrogen-
fixing invaders (Vitousek and Walker, 1989; Gioria et al., 2011),
increased light availability via a reduction in the biomass of resi-
dent species (Flory and Bauer, 2014), or reductions in the amount
of available water by deeply-rooted invaders, such as salt cedar
Tamarix (Vitousek and Walker, 1989).
Invasive species may also alter the soil biota through plant-soil
feedbacks (e.g., Kulmatiski et al., 2008; Suding et al., 2013), with
potential negative effects on native species, such as those caused
by the introduction of soil-borne pathogens, herbivores, or para-
sites, or positive effects, such as those associated with increases in
mycorrhizal fungi or nitrogen fixing bacteria (Klironomos, 2002;
Callaway et al., 2004, 2008; Ehrenfeld, 2010; Gioria and Osborne,
2013). In contrast, plant-soil-feedbacks may be beneficial to the
invader itself (e.g., Reinhart and Callaway, 2006; Bever et al., 2010;
Smith and Reynolds, 2012; but see Levine et al., 2006; Shannon
et al., 2012; Suding et al., 2013). Shannon et al. (2012) showed
that plant-soil feedbacks may change with modifications in com-
petitive interactions between invasive and native species, as an
invasion process progresses.
Changes in the availability of resources associated with plant
invasions may thus create conditions that may either increase
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or decrease the competitive ability of invasive species vs. that
of native or other alien species. How these changes will affect
resource competition between alien and native species is a key to
improving our understanding of the long-term implications of
plant invasions on native communities. Moreover, such changes
could create conditions that facilitate secondary invasions, i.e., the
establishment of other alien species in a community (e.g., Gioria
et al., 2011). The study of secondary invasions could provide
important insights into competitive interactions among alien
dominant species and resource competition dynamics, and rep-
resents an important topic that has so far received little attention.
ISSUES AND GUIDELINES FOR FUTURE STUDIES
Future research studiesmust address a number of deficiencies that
have characterized many competition experiments in plant inva-
sion ecology and that might have hindered our capacity to predict
the role of resource competition in plant invasions. Throughout
this review, we have pointed out a number of research needs on
the role of resource competition in plant invasions, including that
for more direct measurements of the competitive ability of inva-
sive and native species (see also Trinder et al., 2013), under a
broad set of environmental conditions representative of those that
may be encountered in the field, as well as testing the interac-
tive effects of multiple abiotic conditions (see Nernberg and Dale,
1997; Sammul et al., 2000), given that plants are typically sub-
jected to more than one environmental source of stress and that
the response to multiple stress factors may not be predictable on
the basis of each applied individually (Mittler, 2006).
Another issue characterizing competition studies on plant
invasions is that many pair-wise competition experiments have
compared the competitive ability of alien and native species
possessing contrasting life forms, such as annuals vs. perenni-
als (Claassen and Marler, 1998; Groves et al., 2003; Abraham
et al., 2009; Mangla et al., 2011a), forbs vs. grasses (Callaway and
Aschehoug, 2000; Sharma et al., 2010), or herbaceous vs. woody
species (Eliason and Allen, 1997; Bottollier-Curtet et al., 2013),
with potential significant effects on the outcomes of competi-
tive interactions. Clearly, different life forms may be associated
with variations in the timing and magnitude of resource use,
regardless of their native/alien status. For instance, the dom-
inance and suppression of winter and summer annuals does
not depend on differences in the competitive abilities among
these life forms, but mainly on differences in the timing of soil
disturbance (Bazzaz, 1996). Similar considerations pertain to
comparisons of the competitive ability of annual vs. perennial
species or that of herbaceous vs. woody species. Future experi-
ments should thus account for differences in the type and timing
of resources required by different life forms for both alien and
native species, since competition experiments where different life
forms are sown synchronously might fail to represent realistic
competition dynamics in the field and possibly overestimate the
effects of resource competition and the competitive ability of
invasive species.
Resource competition is a dynamic process (Trinder et al.,
2013) and is strongly linked to resource availability dynamics.
Competitive interactions between invasive and native species
should thus be examined over time and should be carried out
at different stages of development, for both invasive and native
species (e.g., Weiner, 1993; Mangla et al., 2011b; Trinder et al.,
2013). It has been suggested that, after an initial phase where pre-
adapted species become dominant, during a second phase, they
can then spread into low resource environments due to shifts in
life history traits either via plastic responses or adaptive evolution
or both (Dietz and Edwards, 2006). Future research in plant inva-
sions should thus examine how resource competition may change
over time due to phenotypic plasticity and/or the ability of alien
species to evolve and adapt to the new conditions experienced in
their introduced range, during each phase of the invasion process,
accounting for the temporal scale of these processes.
Interpreting the outcomes of resource competition strongly
depends on the way competition is measured (Goldberg et al.,
1999; Weigelt and Jolliffe, 2003; Freckleton et al., 2009). While
competition intensity, i.e., the absolute magnitude of competi-
tive effects (see Glossary; Grace, 1991, 1995) has been examined
extensively, the importance of competition, i.e., the effects of
resource competition on community composition or commu-
nity dynamics relative to those of other types of interaction (see
Glossary; e.g., Goldberg, 1994), has been assessed less frequently.
While intensity refers mainly to the present process of competi-
tion, its importance also reflects the results of past competition
(Welden and Slauson, 1986). Assessing the role of resource com-
petition in plant invasions requires information on both its inten-
sity and its importance relative to that of other mechanisms or
processes.
Phylogenetic and niche differences between alien and native
species may confound the effects of resource competition and
should be accounted for when predicting the outcomes of
resource competition among species. Phenological differences
between alien and native species should also be accounted for
when examining the role of resource competition in plant inva-
sions, as they may strongly affect competitive interactions, partic-
ularly at the early stages of plant development, and could explain
why some invasive species may not be strong competitors if they
can take advantage of temporal windows of opportunity when
competitive interactions are weak or non-existent (Figure 1).
Coevolutionary responses among competing plants have been
generally neglected (Leger and Espeland, 2010; Lankau, 2012).
However, assessments of the reciprocal evolutionary responses
of invasive and alien species after the introduction of an inva-
sive species could improve substantially our capacity to predict
resource competition dynamics (Strauss et al., 2006a; Mealor and
Hild, 2007) and could provide some insights into why some
initially successfully invaded locations are subsequently replaced
by native or other alien species, as has been observed in some
instances (Gioria et al., 2011; Thompson, 2014).
Future studies should also examine more extensively how
clonal integration, i.e., resource sharing among interconnected
ramets, or plant parts (see Glossary; e.g., Alpert and Mooney,
1986; Alpert, 1996; Liu et al., 2006; Xu et al., 2012), could
affect the competitive ability of clonal invaders. Clonal integra-
tion may buffer the effects of the heterogeneous distribution of
soil resources (Hutchings and Wijesinghe, 1997) and has been
shown to affect the response of invasive clonal species to vari-
ations in light (Xu et al., 2012), water (You et al., 2013), and
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FIGURE 1 | Diagrammatic representation of changes in environmental
constraints and competitive interactions during vegetative growth and
development over the course of a year. Note that in spring and, to some
extent, in autumn, competition will be low, although there could be high to
moderate environmental constraints to growth and development that could
impact on any introduced alien plant species. At other times, competitive
interactions will be high, with the possibility of biotic constraints associated
with near optimal environmental conditions during the main growth period.
The “windows of opportunity”, designated by black arrows, represents
periods of reduced competition, with the spring “window” likely to be
greater than the autumn “window”, particularly in cases with low vegetation
cover or where the onset of growth-limiting environmental constraints occur
rapidly. Establishment in the autumn “window” will be severely constrained
by gradually decreasing temperatures and day length. The maintenance of a
long-lived canopy well into the autumn “window”, a feature of many invasive
plant species, will also reduce recruitment or end-of-season growth and seed
germination of native species. Even if some growth or seed germination
does occur, these individuals are unlikely to overwinter.
nutrient availability (You et al., 2014). Despite several invasive
species being clonal, the role of clonal integration on competi-
tive interactions for resources has been examined only recently
(Wang et al., 2008; You et al., 2013), with studies showing that it
can promote invasiveness under heterogeneous conditions (You
et al., 2013, 2014) via its effects on growth, biomass allocation,
and photosynthetic efficiency (Wang et al., 2008; Xu et al., 2012;
You et al., 2013) and facilitate colonization under competitive
situations (Xiao et al., 2011).
It is beyond the scope of our review to propose a detailed
sampling framework or to describe in detail the drawbacks and
advantages of experimental designs for assessing the impor-
tance and intensity of resource competition between alien and
native species (see Trinder et al., 2013 for a discussion of the
issues characterizing assessments of resource competition among
plants). More complex experiments, over temporal scales that
allow assessing competition dynamics, are needed to improve our
capacity to characterize the role of resource competition in plant
invasions, as well as to predict the long-term implications of the
introduction of alien species. A common sampling protocol to
assess competition dynamics and compare the competitive abil-
ity of alien vs. native species, based on standardized measures of
competition importance, competition intensity, competitive abil-
ity, or competition effects (e.g., Grace, 1995; Goldberg et al., 1999;
Brooker and Kikividze, 2008; Freckleton et al., 2009; Damgaard
and Fayolle, 2010), would allow comparisons the results of mul-
tiple studies in multiple regions and ecosystem types, including
comparisons of the competitive ability of selected invasive species,
across ecosystem types and geographical regions, thus providing
insights into the effects of phenotypic plasticity and evolution-
ary changes on the importance of resource competition in plant
invasions.
CONCLUSIONS
Resource competition has long been regarded as a major deter-
minant of the successful establishment and spread of alien
species and their long-term persistence in invaded communi-
ties, although its importance relative to that of other mechanisms
remains unclear. As resource competition is a dynamics process,
its role in plant invasions will inevitably change over time, not
only due to changes in available resources associated with dis-
turbances, global environmental changes, or changes promoted
by the invaders themselves, but also due to plastic responses and
evolutionary changes that may occur during invasion processes
in both invasive and native species. In this review, we highlighted
the most pressing research needs in this field and described a
range of factors that may confound our capacity to determine the
importance of resource competition in plant invasions, includ-
ing phenological differences resulting in competition avoidance,
niche and fitness differences, phylogenetic relatedness, recruit-
ment limitation, indirect competition, or allelopathy. Improving
our understanding of the role of resource competition in plant
invasions and its dynamics does not only represent a key ecolog-
ical question but is essential to predicting the long-term impacts
of plant invasions and of how they may interact with other global
environmental changes.
ACKNOWLEDGMENTS
We would like to thank Judy Simon and Susanne Schmidt for
inviting this review, and two anonymous reviewers for provid-
ing insightful comments on earlier versions of this manuscript.
Margherita Gioria was supported by a long-term research devel-
opment project RVO 67985939 (Academy of Sciences of the Czech
Republic) and by the Praemium Academiae award to Petr Pyšek
(Academy of Sciences of the Czech Republic).
www.frontiersin.org September 2014 | Volume 5 | Article 501 | 13
Gioria and Osborne Resource competition in plant invasions
REFERENCES
Abraham, J., Corbin, J., and D’Antonio, C. (2009). California native and exotic
perennial grasses differ in their response to soil nitrogen, exotic annual grass
density, and order of emergence. Plant Ecol. 201, 445–456. doi: 10.1007/s11258-
008-9467-1
Adler, P. B., HilleRisLambers, J., and Levine, J. M. (2007). A niche for neutrality.
Ecol. Lett. 10, 95–104. doi: 10.1111/j.1461-0248.2006.00996.x
Ainsworth, E. A., and Rogers, A. (2007). The response of photosynthesis
and stomatal conductance to rising (CO2): mechanisms and environmental
interactions. Plant Cell Environ. 30, 258–270. doi: 10.1111/j.1365-3040.2007.
01641.x
Alpert, P. (1996). Nutrient sharing in natural clonal fragments of Fragaria chiloen-
sis. J. Ecol. 84, 395–406. doi: 10.2307/2261201
Alpert, P., Bone, E., and Holzapfel, C. (2000). Invasiveness, invasibility and the role
of environmental stress in the spread of non-native plants. Perspect. Plant Ecol.
Evol. Syst. 3, 52–66. doi: 10.1078/1433-8319-00004
Alpert, P., and Mooney, H. A. (1986). Resource sharing among ramets in the clonal
herb, Fragaria chiloensis. Oecologia 70, 227–233. doi: 10.1007/BF00379244
Atwood, T. B., Wiegner, T. N., Turner, J. P., and MacKenzie, R. A. (2010). Potential
effects of an invasive nitrogen-fixing tree on a Hawaiian stream food web. Pac.
Sci. 64, 367–380. doi: 10.2984/64.3.367
Bais, H., Vepachedu, R., Callaway, R., and Vivanco, J. (2003). Allelopathy and
exotic plant invasion: from molecules and genes to communities. Science 301,
1377–1380. doi: 10.1126/science.1083245
Baker, H. (1965). “Characteristics and modes of origin of weeds,” in The Genetics
of Colonizing Species, eds H. Baker and G. Stebbin (New York, NY: Academic
Press), 147–169.
Baruch, Z., and Fernandez, D. S. (1993). Water relations of native and intro-
duced C4 grasses in a neotropical savanna. Oecologia 96, 179–185. doi:
10.1007/BF00317730
Bazzaz, F. A. (1996). Plants in Changing Environments. Linking physiological,
Population, and Community Ecology. Cambridge, UK: Cambridge University
Press.
Bazzaz, F. A., and McConnaughay, K. D. M. (1992). Plant-plant interactions in
elevated CO2 environments. Austr. J. Bot. 40, 547–563. doi: 10.1071/BT9920547
Beerling, D. J., Bailey, J. P., and Conolly, A. P. (1994). Fallopia japonica (Houtt.)
Ronse Decraene. J. Ecol. 82, 959–979. doi: 10.2307/2261459
Begon, M. (1984). “Density and individual fitness: asymmetric competition,” in
Evolutionary Ecology, ed B. Shorrocks (Oxford, UK: Blackwell), 175–194.
Berger, U., Piou, C., Schiffers, K., and Grimm, V. (2008). Competition among
plants: concepts, individual-based modelling approaches, and a proposal for
a future research strategy. Perspect. Plant Ecol. Evol. Syst. 9, 121–135. doi:
10.1016/j.ppees.2007.11.002
Bever, J. D., Dickie, I. A., Facelli, E., Facelli, J. M., Klironomos, J., Moora, M., et al.
(2010). Rooting theories of plant community ecology in microbial interactions.
Trends Ecol. Evol. 25, 468–478. doi: 10.1016/j.tree.2010.05.004
Bjerknes, A.-L., Totland, O., Hegland, S. J., and Nielsen, A. (2007). Do alien plant
invasions really affect pollination success in native plant species? Biol. Conserv.
138, 1–12. doi: 10.1016/j.biocon.2007.04.015
Blank, R. R. (2010). Intraspecific and interspecific pair-wise seedling competition
between exotic annual grasses and native perennials: plant–soil relationship.
Plant Soil 326, 331–343. doi: 10.1007/s11104-009-0012-3
Blossey, B., and Nötzold, R. (1995). Evolution of increased competitive abil-
ity in invasive, nonindigenous plants: a hypothesis. J. Ecol. 83, 887–889. doi:
10.2307/2261425
Blumenthal, D. (2005). Interrelated causes of plant invasion. Science 310, 243–244.
doi: 10.1126/science.1114851
Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore, M., et al.
(2010). Global assessment of nitrogen deposition effects on terrestrial plant
diversity: a synthesis. Ecol. Appl. 20, 30–59. doi: 10.1890/08-1140.1
Bossdorf, O., Auge, H., Lafuma, L., Rogesr, W., Siemann, E., and Prati, D. (2005).
Phenotypic and genetic differentiation between native and introduced plant
populations. Oecologia 144, 1–11. doi: 10.1007/s00442-005-0070-z
Bossdorf, O., Lipowsky, A., and Prati, D. (2008). Selection of preadapted popula-
tions allowed Senecio inaequidens to invade Central Europe. Divers. Distrib. 14,
676–685. doi: 10.1111/j.1472-4642.2008.00471.x
Bossdorf, O., Prati, D., Auge, H., and Schmid, B. (2004). Reduced competi-
tive ability in an invasive plant. Ecol. Lett. 7, 346–353. doi: 10.1111/j.1461-
0248.2004.00583.x
Bottollier-Curtet, M., Planty-Tabacchi, A.-M., and Tabacchi, E. (2013).
Competition between young exotic invasive and native dominant plant
species: implications for invasions within riparian areas. J. Veg. Sci. 24,
1033–1042. doi: 10.1111/jvs.12034
Bradley, B. A., Oppenheimer, M., and Wilcove, D. S. (2009). Climate change
and plant invasions: restoration opportunities ahead? Glob. Change Biol. 15,
1511–1521. doi: 10.1111/j.1365-2486.2008.01824.x
Bradshaw, A. D. (1965). Evolutionary significance of phenotypic plasticity in plants.
Adv. Genet. 13, 115–155. doi: 10.1016/S0065-2660(08)60048-6
Brooker, R. W., and Kikividze, Z. (2008). Importance: an overlooked con-
cept in plant interaction research. J. Ecol. 96, 703–708. doi: 10.1111/j.1365-
2745.2008.01373.x
Brown, B. J., Mitchell, R. J., and Graham, S. A. (2002). Competition for pol-
lination between an invasive species (purple loosestrife) and a native con-
gener. Ecology 83, 2328–2336. doi: 10.1890/0012-9658(2002)083[2328:CFPBAI]
2.0.CO;2
Buckley, Y. M., Bolker, B. M., and Rees, M. (2007). Disturbance, invasion and re-
invasion: managing the weed-shaped hole in disturbed ecosystems. Ecol. Lett.
10, 809–817. doi: 10.1111/j.1461-0248.2007.01067.x
Burke, M., and Grime, J. (1996). An experimental study of plant community
invasibility. Ecology 77, 776–790. doi: 10.2307/2265501
Burns, J. H. (2004). A comparison of invasive and non-invasive dayflowers
(Commelinaceae) across experimental nutrient and water gradients. Divers.
Distrib. 10, 387–397 doi: 10.1111/j.1366-9516.2004.00105.x
Burns, J. H. (2006). Relatedness and environment affect traits associated with inva-
sive and noninvasive introduced Commelinaceae. Ecol. Appl. 16, 1367–1376.
doi: 10.1890/1051-0761(2006)016[1367:RAEATA]2.0.CO;2
Caffrey, J. M. (2001). The management of giant hogweed in an Irish river catch-
ment. J. Aquat. Plant Manag. 39, 28–33.
Callaway, R. M., and Aschehoug, E. T. (2000). Invasive plants versus their new
and old neighbors: a mechanism for exotic invasion. Science 290, 521–523. doi:
10.1126/science.290.5491.521
Callaway, R. M., Cipollini, D., Barto, K., Thelen, G. C., Hallet, S. G., Prati, D.,
et al. (2008). Novel weapons: invasive plant suppresses fungal mutualist in
America but not in its native Europe. Ecology 89, 1043–1055. doi: 10.1890/07-
0370.1
Callaway, R. M., and Ridenour, W. M. (2004). Novel weapons: invasive success and
the evolution of increased competitive ability. Front. Ecol. Environ. 2, 436–443.
doi: 10.1890/1540-9295(2004)002[0436:NWISAT]2.0.CO;2
Callaway, R. M., Thelen, G., Rodriguez, A., and Holben, W. (2004). Release from
inhibitory soil biota in Europe may promote exotic plant invasion in North
America. Nature 427, 731–733. doi: 10.1038/nature02322
Cameron, T., Wearing, H., Rohani, P., and Sait, S. (2007). Two-species asymmet-
ric competition: effects of age structure on intra- and interspecific interactions.
J. Anim. Ecol. 76, 83–93. doi: 10.1111/j.1365-2656.2006.01185.x
Carroll, S. P., Hendry, A. P., Reznick, D. N., and Fox, C. W. (2007). Evolution
on ecological time-scales. Funct. Ecol. 21, 387–393. doi: 10.1111/j.1365-
2435.2007.01289.x
Casper, B. B., and Jackson, R. B. (1997). Plant competition underground. Annu.
Rev. Ecol. Syst. 28, 545–570. doi: 10.1146/annurev.ecolsys.28.1.545
Chesson, P. (2000). Mechanisms of maintenance of species diversity. Annu. Rev.
Ecol. Syst. 31, 343–366. doi: 10.1146/annurev.ecolsys.31.1.343
Claassen, V. P., and Marler, M. (1998). Annual and perennial grass growth
on nitrogen-depleted decomposed granite. Restor. Ecol. 6, 175–180. doi:
10.1111/j.1526-100X.1998.00629.x
Cleverly, J. R., Smith, S. D., Sala, A., and Devitt, D. A. (1997). Invasive capacity
of Tamarix ramosissima in a Mojave Desert floodplain: the role of drought.
Oecologia 111, 12–18. doi: 10.1007/s004420050202
Connell, J. H. (1983). On the prevalence and relative importance of interspecific
competition—evidence from field experiments. Am. Nat. 122, 661–696. doi:
10.1086/284165
Connell, J. H. (1990). “Apparent versus “real” competition in plants,” in Perspectives
on Plant Competition, eds J. B. Grace and D. Tilman (San Diego, CA: Academic
Press), 9–23. doi: 10.1016/B978-0-12-294452-9.50006-0
Connolly, J., andWayne, P. (1996). Asymmetric competition between plant species.
Oecologia 108, 311–320.
Coomes, D. A., and Grubb, P. J. (2000). Impacts of root competition in forests and
woodlands: a theoretical framework and review of experiments. Ecol. Monogr.
70, 171–207. doi: 10.1890/0012-9615(2000)070[0171:IORCIF]2.0.CO;2
Frontiers in Plant Science | Functional Plant Ecology September 2014 | Volume 5 | Article 501 | 14
Gioria and Osborne Resource competition in plant invasions
Corbin, J. D., and D’Antonio, C. M. (2004). Competition between native perennial
and exotic annual grasses: implications for an historical invasion. Ecology 85,
1273–1283. doi: 10.1890/02-0744
Craine, J. M., Fargione, J., and Sugita, S. (2005). Supply pre-emption, not concen-
tration reduction, is the mechanism of competition for nutrients. New Phytol.
166, 933–940. doi: 10.1111/j.1469-8137.2005.01386.x
Crawley, M. J. (1997). “What makes a community invasible?” in Colonization,
Succession, and Stability, 2nd Edn., eds. M. J. Crawley, P. J. Edwards, and A. J.
Gray (Oxford, UK: Blackwell Scientific), 429–454.
Crawley, M. J., Harvey, P. H., and Purvis, A. (1996). Comparative ecology of the
native and alien floras of the British Isles. Philos. Trans. R. Soc. Lond. B Biol. Sci.
351, 1251–1259. doi: 10.1098/rstb.1996.0108
D’Antonio, C., and Vitousek, P. (1992). Biological invasions by exotic grasses, the
grass/fire cycle. Annu. Rev. Ecol. Syst. 23, 63–87.
Daehler, C. C. (2001). Darwin’s naturalization hypothesis revisited. Am. Nat. 158,
324–330. doi: 10.1086/321316
Daehler, C. C. (2003). Performance comparisons of co-occurring native and alien
invasive plants: implications for conservation and restoration. Annu. Rev. Ecol.
Syst. 34, 183–211. doi: 10.1146/annurev.ecolsys.34.011802.132403
Damgaard, C., and Fayolle, A. (2010). Measuring the importance of competition:
a new formulation of the problem. J. Ecol. 98, 1–6. doi: 10.1111/j.1365-
2745.2009.01587.x
Dangremond, E. M., Pardini, E. A., and Knight, T. M. (2010). Apparent compe-
tition with an invasive plant hastens the extinction of an endangered lupine.
Ecology 91, 2261–2271. doi: 10.1890/09-0418.1
Darwin, C. (1859).On the Origin of the Species by Means of Natural Selection: or, the
Preservation of Favoured Races in the Struggle for Life. London, UK: J. Murray.
Davidson, A. M., Jennions, M., and Nicotra, A. B. (2011). Do invasive species show
higher phenotypic plasticity than native species and, if so, is it adaptive? Ameta-
analysis. Ecol. Lett. 14, 419–431. doi: 10.1111/j.1461-0248.2011.01596.x
Davidson, A. M., and Nicotra, A. B. (2012). Beware: alien invasion. Where to
next for an understanding of weed ecology? New Phytol. 194, 602–605. doi:
10.1111/j.1469-8137.2012.04141.x
Davis, M. A., Grime, J. P., and Thompson, K. (2000). Fluctuating resources in
plant communities: a general theory of invasibility. J. Ecol. 88, 528–534. doi:
10.1046/j.1365-2745.2000.00473.x
Davis, M. A., Thompson, K., and Grime, J. P. (2005). Invasibility: the local
mechanisms driving community assembly and species diversity. Ecography 28,
696–704. doi: 10.1111/j.2005.0906-7590.04205.x
Davis, M. A., Wrage, K. J., and Reich, P. B. (1998). Competition between tree
seedlings and herbaceous vegetation: support for a theory of resource supply
and demand. J. Ecol. 86, 652–661. doi: 10.1046/j.1365-2745.1998.00087.x
Dehlin, H., Peltzer, D. A., Allison, V. J., Yeates, G. W., Nilsson, M.-C., and Wardle,
D. A. (2008). Tree seedling performance and below-ground properties in stands
of invasive and native tree species. N. Z. J. Ecol. 32, 67–79.
Deng, X., Ye, W. H., Feng, H. L., Yang, Q. H., Cao, H. L., Xu, K.-Y., et al. (2004).
Gas exchange characteristics of the invasive species Mikania micrantha and its
indigenous congener M. cordata (Asteraceae) in South China. Bot. Bull. Acad.
Sin. 45, 213–220.
Dietz, H., and Edwards, P. J. (2006). Recognition that causal processes change dur-
ing plant invasion helps explain conflicts in evidence. Ecology 87, 1359–1367.
doi: 10.1890/0012-9658(2006)87[1359:RTCPCD]2.0.CO;2
Drenovsky, R. E., Grewell, B. J., D’Antonio, C. M., Funk, J. L., James, J. J., Molinari,
N., et al. (2012). A functional trait perspective on plant invasion. Ann. Bot. 110,
141–153. doi: 10.1093/aob/mcs100
Dukes, J. S. (2000). “Will the increasing atmospheric CO2 concentration affect the
success of invasive species?” in Invasive Species in a Changing World, eds H. A.
Mooney and R. J. Hobbs (Washington, DC: Island Press), 95–113.
Dukes, J. S. (2002a). Species composition and diversity affect grassland suscep-
tibility and response to invasion. Ecol. Appl. 12, 602–617. doi: 10.1890/1051-
0761(2002)012[0602:SCADAG]2.0.CO;2
Dukes, J. S. (2002b). Comparison of the effect of elevated CO2 on an invasive
species (Centaurea solstitialis) in monoculture and community settings. Plant
Ecol. 160, 225–234. doi: 10.1023/A:1015813919850
Dukes, J. S., and Mooney, H. A. (1999). Does global change increase the success
of biological invaders? Trends Ecol. Evol. 14, 135–139. doi: 10.1016/S0169-
5347(98)01554-7
Duncan, R. P., and Williams, P. A. (2002). Darwin’s naturalization hypothesis
challenged. Nature 417, 608–609. doi: 10.1038/417608a
Ehrenfeld, J. G. (2010). Ecosystem consequences of biological invasions. Annu. Rev.
Ecol. Evol. Syst. 41, 59–80. doi: 10.1146/annurev-ecolsys-102209-144650
Eliason, S. A., and Allen, E. B. (1997). Exotic grass competition in suppressing
native shrubland re-establishment. Restor. Ecol. 5, 245–255. doi: 10.1046/j.1526-
100X.1997.09729.x
Elton, C. S. (1958). The Ecology of Invasions of Animals and Plants. London:
Methuen. doi: 10.1007/978-1-4899-7214-9
Eviner, V. T., Garbach, K., Baty, J. H., and Hoskinson, S. A. (2012). Measuring
the effects of invasive plants on ecosystem services: challenges and prospects.
Invasive Plant Sci. Manag. 5, 125–136. doi: 10.1614/IPSM-D-11-00095.1
Feng, Y.-L. (2008). Photosynthesis, nitrogen allocation and specific leaf area in
invasive Eupatorium adenophorum and native Eupatorium japonicum grown
at different irradiances. Physiol. Plant. 133, 318–326. doi: 10.1111/j.1399-
3054.2008.01072.x
Feng, Y.-L., Auge, H., and Ebeling, S. K. (2007). Invasive Buddleja davidii allocates
more nitrogen to its photosynthetic machinery than five native woody species.
Oecologia 153, 501–510. doi: 10.1007/s00442-007-0759-2
Feng, Y.-L., Fu, G.-L., and Zheng, Y.-L. (2008). Specific leaf area relates to the
differences in leaf construction cost, photosynthesis, nitrogen allocation and
use efficiencies between invasive and non-invasive alien congeners. Planta 228,
383–390. doi: 10.1007/s00425-008-0732-2
Feng, Y.-L., Lei, Y.-B., Wang, R.-F., Callaway, R. M., Valiente-Banuet, A., Inderjit,
et al. (2009). Evolutionary tradeoffs for nitrogen allocation to photosynthesis
versus cell walls in an invasive plant. Proc. Natl. Acad. Sci. U.S.A. 106, 1853–1856.
doi: 10.1073/pnas.0808434106
Firn, J., MacDougall, A., Schmidt, S., and Buckley, Y. M. (2010). Early emergence
and resource availability can competitively favour natives over a functionally
similar invader. Oecologia 163, 775–784. doi: 10.1007/s00442-010-1583-7
Flory, S. L., and Bauer, J. T. (2014). Experimental evidence for indirect facilitation
among invasive plants. J. Ecol. 102, 12–18. doi: 10.1111/1365-2745.12186
Fogarty, G., and Facelli, J. M. (1999). Growth and competition of Cytisus scopar-
ius, an invasive shrub, and Australian native shrubs. Plant Ecol. 144, 27–35. doi:
10.1023/A:1009808116068
Foster, B., and Gross, K. (1997). Partitioning the effects of plant biomass and lit-
ter on Andropogon gerardi in old field vegetation. Ecology 78, 2091–2104. doi:
10.1890/0012-9658(1997)078[2091:PTEOPB]2.0.CO;2
Foster, B., and Gross, K. (1998). Species richness in a successional grassland:
effects of nitrogen enrichment and plant litter. Ecology 79, 2593–2602. doi:
10.1890/0012-9658(1998)079[2593:SRIASG]2.0.CO;2
Fowler, N. (1986). The role of competition in plant communities in
arid and semiarid regions. Annu. Rev. Ecol. Syst. 17, 89–110. doi:
10.1146/annurev.es.17.110186.000513
Fox, G. A. (1992). The evolution of life history traits in desert annuals – adaptation
and constraint. Evol. Trend. Plant. 6, 482–499.
Franks, S. J., Avise, J. C., Bradshaw, W. E., Conner, J. K., Etterson, J. R., Mazer, S. J.,
et al. (2008). The resurrection initiative: storing ancestral genotypes to capture
evolution in action. Bioscience 58, 870–873. doi: 10.1641/B580913
Freckleton, R. P., and Watkinson, A. R. (2001). Asymmetric competition
between plant species. Funct. Ecol. 15, 615–623. doi: 10.1046/j.0269-8463.2001.
00558.x
Freckleton, R. P., Watkinson, A. R., and Rees, M. (2009). Measuring the importance
of competition in plant communities. J. Ecol. 97, 379–384. doi: 10.1111/j.1365-
2745.2009.01497.x
French, K. (2012). Competition strength of two significant invasive species in
coastal dunes. Plant Ecol. 213, 1667–1673. doi: 10.1007/s11258-012-0122-5
French, K., Mason, T. J., and Sullivan, N. (2011). Recruitment limitation of native
species in invaded coastal dune communities. Plant Ecol. 212, 601–609. doi:
10.1007/s11258-010-9850-6
Funk, J. L. (2008). Differences in plasticity between invasive and native plants
from a low resource environment. J. Ecol. 96, 1162–1173. doi: 10.1111/j.1365-
2745.2008.01435.x
Funk, J. L. (2013). The physiology of invasive plants in low-resource environments.
Conserv. Physiol. 1:cot026. doi: 10.1093/conphys/cot026
Funk, J. L., and Vitousek, P. M. (2007). Resource use efficiency and plant invasion
in low-resource systems. Nature 446, 1079–1081. doi: 10.1038/nature05719
Gaertner, M., Breeyen, A. D., Hui, C., and Richardson, D. M. (2009). Impacts
of alien plant invasions on species richness in Mediterranean-type ecosys-
tems: a meta-analysis. Prog. Phys. Geogr. 33, 319–338. doi: 10.1177/0309133309
341607
www.frontiersin.org September 2014 | Volume 5 | Article 501 | 15
Gioria and Osborne Resource competition in plant invasions
Gao, Y., Yu, H.-W., and He, W.-M. (2014). Soil space and nutrients differentially
promote the growth and competitive advantages of two invasive plants. J. Plant
Ecol. 7, 396–402. doi: 10.1093/jpe/rtt050
Gerry, A. K., and Wilson, S. D. (1995). The influence of initial size on the competi-
tive responses of six plant species. Ecology 76, 272–279. doi: 10.2307/1940648
Gibson, D. J., Connolly, J., Hartnett, D. C., and Weidenhamer, J. D. (1999). Designs
for greenhouse studies of interactions between plants. J. Ecol. 87, 1–16. doi:
10.1046/j.1365-2745.1999.00321.x
Gill, R., and Burke, I. (1999). Ecosystem consequences of plant life form change
at three sites in the semiarid United States. Oecologia 121, 551–563. doi:
10.1007/s004420050962
Gioria, M., Dieterich, B., and Osborne, B. A. (2011). Battle of the giants: primary
and secondary invasions by large herbaceous species. Biol. Environ. 3, 177–193.
doi: 10.3318/BIOE.2011.14
Gioria, M., Jarošík, V., and Pyšek, P. (2014). Impact of invasive alien plants on the
soil seed bank: emerging patterns. Perspect. Plant Ecol. Evol. Syst. 16, 132–142.
doi: 10.1016/j.ppees.2014.03.003
Gioria, M., and Osborne, B. A. (2010). Similarities in the impact of three large inva-
sive plant species on soil seed bank communities. Biol. Invasions 12, 1671–1683.
doi: 10.1007/s10530-009-9580-7
Gioria, M., and Osborne, B. A. (2013). Biological flora of the British Isles series:
Gunnera tinctoria (Molina) Mirbel. J. Ecol. 101, 243–264. doi: 10.1111/1365-
2745.12022
Gioria, M., Pyšek, P., and Moravcová, L. (2012). Soil seed banks in plant invasions:
promoting species invasiveness and long-term impact on plant community
dynamics. Preslia 84, 327–350.
Goldberg, D. E. (1990). “Components of resource competition in plant communi-
ties,” in Perspectives of Plant Competition, eds J. B. Grace and D. Tilman (New
York, NY: Academic Press), 27–49. doi: 10.1016/B978-0-12-294452-9.50007-2
Goldberg, D. E. (1994). Influence of competition at the community level: an
experimental version of the null models approach. Ecology 75:1503–1506. doi:
10.2307/1937473
Goldberg, D. E. (1996). Competitive ability: definitions, contingency and cor-
related traits. Philos. Trans. R. Soc. B Biol. Sci. 351, 1377–1385. doi:
10.1098/rstb.1996.0121
Goldberg, D. E., Rajaniemi, T., Gurevitch, J., and Stewart-Oaten, A. (1999).
Empirical approaches to quantifying interaction intensity: competition
and facilitation along productivity gradients. Ecology 80, 1118–1131. doi:
10.1890/0012-9658(1999)080[1118:EATQII]2.0.CO;2
Goldstein, L. J., and Suding, K. N. (2014). Intra-annual rainfall regime shifts com-
petitive interactions between coastal sage scrub and invasive grasses. Ecology 95,
425–435. doi: 10.1890/12-0651.1
Gorchov, D. L., and Trisel, D. E. (2003). Competitive effects of the invasive shrub,
Lonicera maackii (Rupr.) Herder (Caprifoliaceae), on the growth and survival of
native tree seedlings. Plant Ecol. 166, 13–24. doi: 10.1023/A:1023208215796
Grace, J. B. (1991). A clarification of the debate between Grime and Tilman. Funct.
Ecol. 5, 583–587. doi: 10.2307/2389475
Grace, J. B. (1995). On the measurement of plant competition intensity. Ecology 76,
305–308. doi: 10.2307/1940651
Grime, J. P. (1973). Competitive exclusion in herbaceous vegetation. Nature 242,
344–347. doi: 10.1038/242344a0
Grime, J. P. (1977). Evidence for the existence of three primary strategies in
plants and its relevance to ecological and evolutionary theory. Am. Nat. 111,
1169–1194. doi: 10.1086/283244
Grime, J. P. (1998). Benefits of plant diversity to ecosystems: immediate, filter and
founder effects. J. Ecol. 86, 902–910. doi: 10.1046/j.1365-2745.1998.00306.x
Grime, J. P. (2001). Plant Strategies, Vegetation Processes, and Ecosystem Properties,
2nd Edn. Chichester: John Wiley and Sons.
Grime, J. P., and Hunt, R. (1975). Relative growth rate: its range and adaptive
significance in a local flora. J. Ecol. 63, 393–422. doi: 10.2307/2258728
Gross, K. L., Mittelbach, G. G., and Reynolds, H. L. (2005). Grassland invasibility
and diversity: responses to nutrients, seed input, and disturbance. Ecology 86,
476–486. doi: 10.1890/04-0122
Grotkopp, E., and Rejmánek, M. (2007). High seedling relative growth rate and
specific leaf area are traits of invasive species: phylogenetically independent con-
trasts of woody angiosperms. Am. J. Bot. 94, 526–532. doi: 10.3732/ajb.94.4.526
Groves, R. H., Austin, M. P., and Kaye, P. E. (2003). Competition between
Australian native and introduced grasses along a nutrient gradient. Austral Ecol.
28, 491–498. doi: 10.1046/j.1442-9993.2003.01305.x
Hamilton, J. G., Holzapfel, C., and Mahall., B. E. (1999). Coexistence and inter-
ference between a native perennial grass and non-native annual grasses in
California. Oecologia 121, 518–526. doi: 10.1007/s004420050958
Harper, J. (1977). The Population Biology of Plants. London: Academic Press.
Hejda, M., Pyšek, P., and Jarošík, V. (2009). Impact of invasive plants on the
species richness, diversity and composition of invaded communities. J. Ecol. 97,
393–403. doi: 10.1111/j.1365-2745.2009.01480.x
Hetrick, B. A. D., Wilson, G. W. T., and Todd, T. C. (1992). Relationships of mycor-
rhizal symbiosis, rooting strategy, and phenology among tallgrass prairie forbs.
Can. J. Bot. 70, 1521–1528. doi: 10.1139/b92-191
Hierro, J., and Callaway, R. (2003). Allelopathy and exotic plant invasion. Plant Soil
256, 25–39. doi: 10.1023/A:1026208327014
Hierro, J., Maron, J., and Callaway, R. (2004). A biogeographical approach to plant
invasions: the importance of studying exotics in their introduced and native
range. J. Ecol. 93, 5–15. doi: 10.1111/j.0022-0477.2004.00953.x
Hobbs, R., and Huenneke, L. (1992). Disturbance, diversity, and invasion:
implications for conservation. Conserv. Biol. 6, 324–337. doi: 10.1046/j.1523-
1739.1992.06030324.x
Hobbs, R., and Mooney, H. (1986). Community changes following shrub invasion
of grassland. Oecologia 70, 508–513. doi: 10.1007/BF00379896
Hobbs, R., and Mooney, H. (1991). Effects of rainfall variability and gopher dis-
turbance on serpentine annual grassland dynamics. Ecology 72, 59–68. doi:
10.2307/1938902
Holt, R. D. (1977). Predation, apparent competition, and the structure of prey com-
munities. Theor. Popul. Biol. 12, 197–229. doi: 10.1016/0040-5809(77)90042-9
Holt, R. D., and Kotler, B. P. (1987). Short-term apparent competition. Am. Nat.
130, 412–430. doi: 10.1086/284718
Hovick, M., Bunker, D. E., Peterson, C. J., and Carson, W. P. (2011). Purple looses-
trife suppresses plant species colonization far more than broad-leaved cattail:
experimental evidence with plant community implications. J. Ecol. 99, 225–234.
doi: 10.1111/j.1365-2745.2010.01754.x
Hubbell, S. P. (2001). The Unified Neutral Theory of Biodiversity and Biogeography.
Princeton, NJ: Princeton University Press.
Hubbell, S. P. (2006). Neutral theory and evolution of ecolog-
ical equivalence. Ecology 87, 1387–1398. doi: 10.1890/0012-
9658(2006)87[1387:NTATEO]2.0.CO;2
Huenneke, L. F., Hamburg, S. P., Koide, R., Mooney, H. A., and Vitousek, P. M.
(1990). Effects of soil resources on plant invasion and community structure in
Californian serpentine grassland. Ecology 71, 478–491. doi: 10.2307/1940302
Hulme, P. E. (2008). Phenotypic plasticity and plant invasions: is it all Jack? Funct.
Ecol. 22, 3–7. doi: 10.1111/j.1365-2435.2007.01369.x
Hurtt, G. C., and Pacala, S. W. (1995). The consequences of recruitment limitation:
reconciling chance, history and competitive differences between plants. J. Theor.
Biol. 176, 1–12. doi: 10.1006/jtbi.1995.0170
Hutchings, M. J., and Wijesinghe, D. K. (1997). Patchy habitats, division of labour
and growth dividends in clonal plants. Trends Ecol. Evol. 12, 390–394. doi:
10.1016/S0169-5347(97)87382-X
Hutchinson, T. F., and Vankat, J. L. (1997). Invasibility and effects of Amur
honeysuckle in southwestern Ohio forests. Conserv. Biol. 11, 1117–1124. doi:
10.1046/j.1523-1739.1997.96001.x
Inderjit, and delMoral, R. (1997). Is separating resource competition from allelopa-
thy realistic? Bot. Rev. 63, 221–230.
Inderjit, Wardle, D., Richard, K., and Callaway, R. M. (2011). The ecosystem
and evolutionary contexts of allelopathy. Trends Ecol. Evol. 26, 655–662. doi:
10.1016/j.tree.2011.08.003
Iponga, D. M., Milton, S. J., and Richardson, D. M. (2008). Superiority in com-
petition for light: a crucial attribute defining the impact of the invasive alien
tree Schinus molle (Anacardiaceae) in South African savanna. J. Arid Environ.
72, 612–623. doi: 10.1016/j.jaridenv.2007.10.001
Jacquemart, A.-L., Vanparys, V., and Meerts, P. (2013). Generalist versus spe-
cialist herbivores on the invasive Senecio inaequidens and a native related
species: what makes the difference? Am. J. Plant Sci. 4, 386–394. doi:
10.4236/ajps.2013.42A050
James, J. J., Caird, M. A., Drenovsky, R. E., and Sheley, R. L. (2006). Influence
of resource pulses and perennial neighbors on the establishment of an inva-
sive annual grass in the Mojave Desert. J. Arid Environ. 67, 528–534. doi:
10.1016/j.jaridenv.2006.02.014
Kandori, I., Hirae, T., Matsunaga, S., and Kurosaki, T. (2009). An invasive dan-
delion unilaterally reduces the reproduction of a native congener through
Frontiers in Plant Science | Functional Plant Ecology September 2014 | Volume 5 | Article 501 | 16
Gioria and Osborne Resource competition in plant invasions
competition for pollination. Oecologia 159, 559–569. doi: 10.1007/s00442-008-
1250-4
Keane, R.M., and Crawley,M. J. (2002). Exotic plant invasions and the enmy release
hypothesis. Trends Ecol. Evol. 17, 164–170. doi: 10.1016/S0169-5347(02)02499-0
Keddy, P. A., and Shipley, B. (1989). Competitive hierarchies in herbaceous plant
communities. OIKOS 54, 234–241. doi: 10.2307/3565272
Klironomos, J. (2002). Feedback with soil biota contributes to plant rarity and
invasiveness in communities. Nature 106, 67–70. doi: 10.1038/417067a
Kolb, A., and Alpert, P. (2003). Effects of nitrogen and salinity on growth and
competition between a native grass and an invasive congener. Biol. Invasions
5, 229–238. doi: 10.1023/A:1026185503777
Kolb, A., Alpert, P., Enters, D., and Holzhapfel, C. (2002). Patterns of invasion
within a grassland community. J. Ecol. 90, 871–881. doi: 10.1046/j.1365-
2745.2002.00719.x
Kueffer, C., Schumacher, E., Fleischmann, K., Edwards, P. J., and Dietz, H.
(2007). Strong below-ground competition shapes tree regeneration in inva-
sive Cinnamomum verum forests. J. Ecol. 95, 273–282. doi: 10.1111/j.1365-
2745.2007.01213.x
Kulmatiski, A., Beard, K. H., Stevens, J. R., and Cobbold, S. M. (2008). Plant-soil
feedbacks: a meta-analytical review. Ecol. Lett. 11, 980–992. doi: 10.1111/j.1461-
0248.2008.01209.x
Lankau, R. A. (2012). Coevolution between invasive and native plants driven
by chemical competition and soil biota. Proc. Natl. Acad. Sci. U.S.A. 109,
11240–11245. doi: 10.1073/pnas.1201343109
Leakey, A. D. B., Ainsworth, E. A., Bernacchi, C. J., Rogers, A., Long, S. P., and
Ort, D. R. (2009). Elevated CO2 effects on plant carbon, nitrogen, and water
relations: six important lessons from FACE. J. Exp. Bot. 60, 2859–2876. doi:
10.1093/jxb/erp096
Lee, C. (2002). Evolutionary genetics of invasive species. Trends Ecol. Evol. Syst. 17,
386–391. doi: 10.1016/S0169-5347(02)02554-5
Leger, E. A., and Espeland, E. K. (2010). Coevolution between native and invasive
plant competitors: implications for invasive species management. Evol. Appl. 3,
169–178. doi: 10.1111/j.1752-4571.2009.00105.x
Leishman, M. R., Haslehurst, T., Ares, A., and Baruch, Z. (2007). Leaf trait relation-
ships of native and invasive plants: community- and global-scale comparisons.
New Phytol. 176, 635–643. doi: 10.1111/j.1469-8137.2007.02189.x
Leishman, M. R., and Thomson, V. P. (2005). Experimental evidence for the effects
of additional water, nutrients and physical disturbance on invasive plants in low
fertility Hawkesbury Sandstone soils, Sydney, Australia. J. Ecol. 93, 38–49. doi:
10.1111/j.1365-2745.2004.00938.x
Leishman, M. R., Thomson, V. P., and Cooke, J. (2010). Native and exotic invasive
plants have fundamentally similar carbon capture strategies. J. Ecol. 98, 28–42.
doi: 10.1111/j.1365-2745.2009.01608.x
Le Maitre, D. C., Gaertner, M., Marchante, E., Ens, E.-J., Holmes, P. M., Pauchard,
A., et al. (2011). Impacts of invasive Australian acacias: implications for man-
agement and restoration. Divers. Distrib. 17, 1015–1029. doi: 10.1111/j.1472-
4642.2011.00816.x
Levine, J. M. (2000). Species diversity and biological invasions: relating local
process to community pattern. Science 288, 852–854. doi: 10.1126/sci-
ence.288.5467.852
Levine, J. M., Pachepsky, E., Kendall, B. E., Yelenik, S. G., and HilleRisLambers, J.
(2006). Plant-soil feedbacks and invasive spread. Ecol. Lett. 9, 1005–1014. doi:
10.1111/j.1461-0248.2006.00949.x
Levine, J. M., Vilà, M., D’Antonio, C. M., Dukes, J. S., Grigulis, K., and Lavorel, S.
(2003). Mechanisms underlying the impacts of exotic plant invasions. Proc. Biol.
Sci. 270, 775–781. doi: 10.1098/rspb.2003.2327
Lindsay, E. A., and French, K. (2004). Chrysanthemoides monilifera ssp. rotun-
data invasion alters decomposition rates in coastal areas of New South
Wales, Australia. Forest Ecol. Manag. 198, 387–399. doi: 10.1016/j.foreco.2004.
05.032
Lindsay, E. A., and French, K. (2005). Litterfall and nitrogen cycling following inva-
sion by Chrysanthemoides monilifera ssp. rotundata in coastal Australia. J. Appl.
Ecol. 42, 556–566. doi: 10.1111/j.1365-2664.2005.01036.x
Liu, J., Dong, M., Miao, S., Li, Z., Song, M., and Wang, R. (2006). Invasive alien
plants in China: role of clonality and geographical origin. Biol. Invasions 8,
1461–1470. doi: 10.1007/s10530-005-5838-x
Lonsdale, W. M. (1999). Global patterns of plant invasions and the
concept of invasibility. Ecology 80, 1522–1536. doi: 10.1890/0012-
9658(1999)080[1522:GPOPIA]2.0.CO;2
López-Rosas, H., and Moreno-Casasola, P. (2012). Invader versus natives: effects
of hydroperiod on competition between hydrophytes in a tropical freshwater
marsh. Basic Appl. Ecol. 13, 40–49. doi: 10.1016/j.baae.2011.10.004
Lowe, P., Lauenroth, W., and Burke, I. C. (2003). Effects of nitrogen availability on
competition between Bromus tectorum and Bouteloua gracilis. Plant Ecol. 167,
247–254. doi: 10.1023/A:1023934515420
MacDougall, A. S. (2004). Joint Effects of Competition, Recruitment Limitation, and
Fire Suppression in an Invaded Oak Savanna Ecosystem. PhD Thesis, University
of British Columbia, Vancouver, BC, Canada.
MacDougall, A. S., Gilbert, B., and Levine, J. M. (2009). Plant invasions and the
niche. J. Ecol. 97, 609–615. doi: 10.1111/j.1365-2745.2009.01514.x
Mack, R. (1996). Predicting the identity and fate of plant invaders: emergent
and emerging approaches. Biol. Conserv. 78, 107–124. doi: 10.1016/0006-
3207(96)00021-3
Mangla, S., Sheley, R. L., James, J. J., and Radosevich, S. R. (2011a). Role of com-
petition in restoring resource poor arid systems dominated by invasive grasses.
J. Arid Environ. 75, 487–493. doi: 10.1016/j.jaridenv.2011.01.002
Mangla, S., Sheley, R. L., James, J. J., and Radosevich, S. R. (2011b). Intra and inter-
specific competition among invasive and native species during early stages of
plant growth. Plant Ecol. 212, 531–542. doi: 10.1007/s11258-011-9909-z
Marler, M. J., Zabinski, C. A., and Callaway, R. M. (1999). Mycorrhizae indi-
rectly enhance competitive effects of an invasive forb on a native bunchgrass.
Ecology 80, 1180–1186. doi: 10.1890/0012-9658(1999)080[1180:MIECEO]2.
0.CO;2
Maron, J. L., Klironomos, J., Waller, L., and Callaway, R. M. (2014). Invasive plants
escape from suppressive soil biota at regional scales. J. Ecol. 102, 19–27. doi:
10.1111/1365-2745.12172
Maron, J. L., and Vilà, M. (2001). When do herbivores affect plant invasion?
Evidence for the natural enemies and biotic resistance hypothesis. OIKOS 95,
361–373. doi: 10.1034/j.1600-0706.2001.950301.x
Maron, J. L., Vilà, M., and Arnason, J. (2004). Loss of enemy resistance among
introduced populations of ST. John’s wort (Hypericum perforatum). Ecology 85,
3243–3253. doi: 10.1890/04-0297
Mason, T. J., French, K., and Russell, K. (2012). Are competitive effects of native
species on an invader mediated by water availability? J. Veg. Sci. 23, 657–666.
doi: 10.1111/j.1654-1103.2012.01393.x
Mattos, K. J., Orrock, J. L., and Watling, J. I. (2013). Rodent granivores generate
context-specific seed removal in invaded and uninvaded habitats. Am. Midl.
Nat. 169, 168–178. doi: 10.1674/0003-0031-169.1.168
Matzek, V. (2012). Trait values, not trait plasticity, best explain invasive species’ per-
formance in a changing environment. PLoS ONE 7:e48821. doi: 10.1371/jour-
nal.pone.0048821
Maule, H. G., Andrews, M., Morton, J. D., Jones, A. V., and Daly, G. T. (1995).
Sun/shade acclimation and nitrogen nutrition of Tradescantia fluminensis, a
problem weed in New Zealand native forest remnants. New Zeal. J. Ecol. 19,
35–46.
McConnaughay, K. D.M., and Bazzaz, F. A. (1991). Is physical space a soil resource?
Ecology 72, 94–103. doi: 10.2307/1938905
McDowell, S. C. L. (2002). Photosynthetic characteristics of invasive and non-
invasive species of Rubus (Rosaceae). Am. J. Bot. 89, 1431–1438. doi:
10.3732/ajb.89.9.1431
McGlone, C. M., Sieg, C. H., Kolb, T. E., and Nietupsky, T. (2012). Established
native perennial grasses out-compete an invasive annual grass regardless of soil
water and nutrient availability. Plant Ecol. 213, 445–457. doi: 10.1007/s11258-
011-9992-1
Mealor, B. A., and Hild, A. L. (2007). Post-invasion evolution of native plant
populations: a test of biological resilience. OIKOS 116, 1493–1500. doi:
10.1111/j.0030-1299.2007.15781.x
Meisner, A., de Boer, W., Verhoeven, K. J. F., Boschker, H. T. S., and van der
Putten, W. H. (2011). Comparison of nutrient acquisition in exotic plant
species and congeneric natives. J. Ecol. 99, 1308–1315. doi: 10.1111/j.1365-
2745.2011.01858.x
Milchunas, D. G., and Lauenroth, W. K. (1995). Inertia in plant community struc-
ture: state changes after cessation of nutrient-enrichment stress. Ecol. Appl. 5,
452–458. doi: 10.2307/1942035
Mitchell, C., and Power, A. (2003). Release of invasive plants from fungal and viral
pathogens. Nature 421, 625–627. doi: 10.1038/nature01317
Mittler, R. (2006). Abiotic stress, the field environment and stress combination.
Trends Plant Sci. 11, 15–19. doi: 10.1016/j.tplants.2005.11.002
www.frontiersin.org September 2014 | Volume 5 | Article 501 | 17
Gioria and Osborne Resource competition in plant invasions
Moles, A. T., Flores-Moreno, H., Bonser, S. P., Warton, D. I., Helm, A., Warman, L.,
et al. (2012). Invasions: the trail behind, the path ahead, and a test of a disturbing
idea. J. Ecol. 100, 116–127. doi: 10.1111/j.1365-2745.2011.01915.x
Moora, M., and Zobel, M. (1996). Effect of arbuscular mycorrhiza on inter- and
intraspecific competition of two grassland species. Oecologia 108, 79–84. doi:
10.1007/BF00333217
Moragues, E., and Traveset, A. (2005). Effect of Carpobrotus spp.on the pollina-
tion success of native plant species of the Balearic Islands. Biol. Conserv. 122,
611–619. doi: 10.1016/j.biocon.2004.09.015
Morales, C. L., and Traveset, A. (2009). Ameta-analysis of impacts of alien vs. native
plants on pollinator visitation and reproductive success of co-flowering native
plants. Ecol. Lett. 12, 716–728. doi: 10.1111/j.1461-0248.2009.01319.x
Morris, L. L., Walck, J. L., and Hidayati, S. N. (2002). Growth and reproduction of
the invasive Ligustrum sinense and native Forestiera ligustrina (Oleaceae): impli-
cations for the invasion and persistence of a nonnative shrub. Int. J. Plant Sci.
16, 1001–1010. doi: 10.1086/342632
Mozdzer, T. J., and Megonigal, J. P. (2012). Jack-and-master trait responses to ele-
vated CO2 and N: a comparison of native and introduced Phragmites australis.
PLoS ONE 7:e42794. doi: 10.1371/journal.pone.0042794
Munoz, A. A., and Cavieres, L. A. (2008). The presence of a showy invasive plant
disrupts pollinator service and reproductive output in native alpine species only
at high densities. J. Ecol. 96, 459–467. doi: 10.1111/j.1365-2745.2008.01361.x
Nernberg, D., and Dale, M. R. T. (1997). Competition of five native prairie grasses
with Bromus inermis under three moisture regimes. Can. J. Bot. 75, 2140–2145.
doi: 10.1139/b97-925
Newman, E. I. (1973). Competition and diversity in herbaceous vegetation. Nature
244, 310–310. doi: 10.1038/244310a0
Nicotra, A. B., Atkin, O. K., Bonser, S. P., Davidson, A. M., Finnegan, E. J.,
Mathesius, U., et al. (2010). Plant phenotypic plasticity in a changing climate.
Trends Plant Sci. 15, 684–692. doi: 10.1016/j.tplants.2010.09.008
Novoplansky, A., and Goldberg, D. E. (2001). Effects of water pulsing on individual
performance and competitive hierarchies in plants. J. Veg. Sci. 12, 199–208. doi:
10.2307/3236604
O’Dell, R. E., and Claassen, V. P. (2006). Relative performance of native and
exotic grass species in response to amendment of drastically disturbed ser-
pentine substrates. J. Appl. Ecol. 43, 898–908. doi: 10.1111/j.1365-2664.2006.
01193.x
Orrock, J. L., and Witter, M. S. (2010). Multiple drivers of apparent competi-
tion reduce re-establishment of a native plant in invaded habitats. OIKOS 119,
101–108. doi: 10.1111/j.1600-0706.2009.17831.x
Orrock, J. L., Witter, M. S., and Reichman, O. J. (2008). Apparent competition with
an exotic plant reduces native plant establishment. Ecology 89, 1168–1174. doi:
10.1890/07-0223.1
Pahl, A. T., Kollmann, J., Mayer, A., and Haider, S. (2013). No evidence for
local adaptation in an invasive alien plant: field and greenhouse experiments
tracing a colonization sequence. Ann. Bot. 112, 1921–1930. doi: 10.1093/aob/
mct246
Palacio-López, K., and Gianoli, E. (2011). Invasive plants do not display greater
phenotypic plasticity than their native or non-invasive counterparts: a meta-
analysis. OIKOS 120, 1393–1401. doi: 10.1111/j.1600-0706.2010.19114.x
Palladini, J. D., andMaron, J. L. (2013). Indirect competition for pollinators is weak
compared to direct resource competition: pollination and performance in the
face of an invader. Oecologia 172, 1061–1069. doi: 10.1007/s00442-012-2556-9
Parker, J. D., Burkepile, D. E., and Hay, M. E. (2006). Opposing effects of native and
exotic herbivores on plant invasions. Science 311, 1459–1461. doi: 10.1126/sci-
ence.1121407
Parker, J. D., and Hay, M. E. (2005). Biotic resistance to plant invasions? Native
herbivores prefer non-native plants. Ecol. Lett. 8, 959–967. doi: 10.1111/j.1461-
0248.2005.00799.x
Peacor, S. D., Allesina, S., Riolo, R. L., and Pascual, M. (2006). Phenotypic plastic-
ity opposes species invasions by altering fitness surface. PLoS Biol. 4:e372. doi:
10.1371/journal.pbio.0040372
Pergl, J., Huls, J., Perglová, I., Eckstein, R., Pyšek, P., and Otte, A. (2007).
“Population dynamics of Heracleum mantegazzianum,” in Ecology and
Management of Giant Hogweed (Heracleum mantegazzianum), eds P. Pyek, M.
Cock, W. Nentwig, and H. Ravn (Wallingford: CAB International), 92–111.
Pisula, N. L., and Meiners, S. J. (2010). Relative allelopathic potential of invasive
plant species in a young disturbed woodland. J. Torrey Bot. Soc. 137, 81–87. doi:
10.3159/09-RA-040.1
Planty-Tabacchi, A., Tabacchi, E., Naiman, R., DeFerrari, C., and Decamps, H.
(1996). Invasibility of species-rich communities in riparian zones. Conserv. Biol.
10, 598–607. doi: 10.1046/j.1523-1739.1996.10020598.x
Powell, K. I., and Knight, T.M. (2009). Effects of nutrient addition and competition
on biomass of five Cirsium species (Asteraceae) including a serpentine endemic.
Int. J. Plant Sci. 170, 918–925. doi: 10.1086/600140
Prati, D., and Bossdorf, O. (2004). Allelopathic inhibition of germina-
tion by Alliaria petiolata (Brassicaceae). Am. J. Bot. 2, 285–288. doi:
10.3732/ajb.91.2.285
Pyšek, P., Jarošík, V., Hulme, P., Pergl, J., Hejda, M., Schaffner, U., et al. (2012).
A global assessment of invasive plant impacts on resident species, commu-
nities and ecosystems: the interaction of impact measures, invading species’
traits and environment.Global Change Biol. 18, 1725–1737. doi: 10.1111/j.1365-
2486.2011.02636.x
Pyšek, P., and Richardson, D. M. (2006). The biogeography of naturalization in
alien plants. J. Biogeogr. 33, 2040–2050. doi: 10.1111/j.1365-2699.2006.01578.x
Pyšek, P., and Richardson, D. M. (2007). “Traits associated with invasiveness in
alien plants: where do we stand?” in Biological Invasions, ed W. Nentwig (Berlin;
Heidelberg: Springer-Verlag), 97–125.
Quinn, L. D., Rauterkus, M. A., and Holt, J. S. (2007). Effects of nitrogen enrich-
ment and competition on growth and spread of giant reed (Arundo Donax).
Weed Sci. 55, 319–326. doi: 10.1614/WS-06-139
Rasher, D. B., and Hay, M. E. (2014). Competition induces allelopathy but sup-
presses growth and anti-herbivore defence in a chemically rich seaweed. Proc. R.
Soc. B 281:20132615. doi: 10.1098/rspb.2013.2615
Recart, W., Ackerman, J. D., and Cuevas, A. A. (2013). There goes the neighbor-
hood: apparent competition between invasive and native orchids mediated by
a specialist florivorous weevil. Biol. Invasions 5, 283–293. doi: 10.1007/s10530-
012-0283-0
Reinhart, K. O., and Callaway, R. M. (2006). Soil biota and invasive plants. New
Phytol. 170, 445–457. doi: 10.1111/j.1469-8137.2006.01715.x
Rejmánek, M. (1996). A theory of seed plant invasiveness: the first sketch. Biol.
Conserv. 78, 171–181. doi: 10.1016/0006-3207(96)00026-2
Rejmánek, M. (2000). Invasive plants: approaches and predictions. Austral Ecol. 25,
497–506. doi: 10.1046/j.1442-9993.2000.01080.x
Rejmánek, M., Richardson, D., and Pyšek, P. (2005). “Plant invasions and invasibil-
ity of plant communities,” in Vegetation Ecology, ed E. van der Maarel (Oxford,
UK: Blackwell Science Ltd), 332–355.
Rice, E. L. (1984). Allelopathy, 2nd Edn. Orlando, FL: Academic Press.
Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J., and Pigliucci, M.
(2006). Jack of all trades, master of some? On the role of phenotypic plas-
ticity in plant invasions. Ecol. Lett. 9, 981–993. doi: 10.1111/j.1461-0248.2006.
00950.x
Richardson, D. M., and Pyšek, P. (2006). Plant invasions: merging the concepts of
species invasiveness and community invasibility. Prog. Phys. Geogr. 30, 409–431.
doi: 10.1191/0309133306pp490pr
Richardson, D. M., and Pyšek, P. (2012). Naturalization of introduced plants:
ecological drivers of biogeographical patterns. New Phytol. 196, 383–396. doi:
10.1111/j.1469-8137.2012.04292.x
Richardson, D. M., Pyšek, P., Rejmánek, M., Barbour, M., Panetta, F., and West,
C. (2000). Naturalization and invasion of alien plants: concepts and definitions.
Divers. Distrib. 6, 93–107. doi: 10.1046/j.1472-4642.2000.00083.x
Ridenour, W. M., Vivanco, J. M., Feng, Y.-L., Horiuchi, J., and Callaway, R. M.
(2008). No evidence for trade-offs: Centaurea plants from America are bet-
ter competitors and defenders. Ecol. Monogr. 78, 369–386. doi: 10.1890/06-
1926.1
Sakai, A., Allendorf, F., Holt, J., Lodge, D. M., Molofsky, J., With, K. A., et al. (2001).
The population biology of invasive species. Annu. Rev. Ecol. Syst. 32, 305–332.
Sala, A., Verdaguer, D., and Vilà, M. (2007). Sensitivity of the invasive geophyte
oxalis pes-caprae to nutrient availability and competition.Ann. Bot. 99, 637–645.
doi: 10.1093/aob/mcl289
Sammul,M., Kull, K., Oksanen, L., and Veromann, P. (2000). Competition intensity
and its importance: results of field experiments with Anthoxanthum odoratum.
Oecologia 125, 18–25. doi: 10.1007/PL00008887
Sax, D. F., and Brown, J. H. (2000). The paradox of invasion. Global Ecol. Biogeogr.
9, 363–372. doi: 10.1046/j.1365-2699.2000.00217.x
Schaefer, H., Hardy, O. J., Silva, L., Barraclough, T. G., and Savolainen, V. (2011).
Testing Darwin’s naturalization hypothesis in the Azores. Ecol. Lett. 14, 389–396.
doi: 10.1111/j.1461-0248.2011.01600.x
Frontiers in Plant Science | Functional Plant Ecology September 2014 | Volume 5 | Article 501 | 18
Gioria and Osborne Resource competition in plant invasions
Schenk, H. J. (2006). Root competition: beyond resource depletion. J. Ecol. 94,
725–739. doi: 10.1111/j.1365-2745.2006.01124.x
Seabloom, E. W., Harpole, W. S., Reichman, O. J., and Tilman, D. (2003).
Invasion, competitive dominance, and resource use by exotic and native
California grassland species. Proc. Natl. Acad. Sci. U.S.A. 100, 13384–13389. doi:
10.1073/pnas.1835728100
Sessions, L., and Kelly, D. (2002). Predator-mediated apparent competition
between an introduced grass, Agrostis capillaries, and a native fern, Botrychium
australe (Ophioglossaceae), in New Zealand. OIKOS 96, 102–109. doi:
10.1034/j.1600-0706.2002.960111.x
Shannon, S., Flory, S. L., and Reynolds, H. (2012). Competitive context alters plant-
soil feedback in an experimental woodland community.Oecologia 169, 235–243.
doi: 10.1007/s00442-011-2195-6
Sharma, G. P., Muhl, S. A., Esler, K. J., and Milton, S. J. (2010). Competitive
interactions between the alien invasive annual grass Avena fatua and indige-
nous herbaceous plants in South African Renosterveld: the role of nitro-
gen enrichment. Biol. Invasions 12, 3371–3378. doi: 10.1007/s10530-010-
9730-y
Shea, K., and Chesson, P. (2002). Community ecology theory as a framework
for biological invasions. Trends Ecol. Evol. 17, 170–176. doi: 10.1016/S0169-
5347(02)02495-3
Siemann, E., and Rogers, W. (2001). Genetic differences in growth of an invasive
tree species. Ecol. Lett. 4, 514–518. doi: 10.1046/j.1461-0248.2001.00274.x
Siemann, E., and Rogers, W. (2003). Changes in resources under pioneer trees may
facilitate tree invasions of grasslands. J. Ecol. 91, 923–931. doi: 10.1046/j.1365-
2745.2003.00822.x
Simberloff, D. (2011). How common are invasion-induced ecosystem impacts?
Biol. Invasions 13, 1255–1268. doi: 10.1007/s10530-011-9956-3
Skálová, H., Havlíèková, V., and Pyšek, P. (2012). Seedling traits, plasticity and local
differentiation as strategies of invasive species of Impatiens in central Europe.
Ann. Bot. 110, 1429–1438. doi: 10.1093/aob/mcr316
Skálová, H., Jarošík, V., Dvoøáèková, Š., and Pyšek, P. (2013). Effect of intra- and
interspecific competition on the performance of native and invasive species of
Impatiens under varying levels of shade and moisture. PLoS ONE 85:e62842.
doi: 10.1371/journal.pone.0062842
Smith, L. M., and Reynolds, H. L. (2012). Positive plant-soil feedback may drive
dominance of a woodland invader, Euonymus fortunei. Plant Ecol. 213, 853–860.
doi: 10.1007/s11258-012-0047-z
Smith, M. D., and Knapp, A. K. (2001). Physiological and morphological traits of
exotic, invasive exotic, and native plant species in tallgrass prairie. Int. J. Plant
Sci. 162, 785–792. doi: 10.1086/320774
Smith, M., Wilcox, J., Kelly, T., and Knapp, A. (2004). Dominance not rich-
ness determines invasibility of tallgrass prairie. OIKOS 106, 253–262. doi:
10.1111/j.0030-1299.2004.13057.x
Smith, S. D., Huxman, T. E., Zitzer, S. F., Charlet, T. N., Housman, D. C., Coleman,
J. S., et al. (2000). Elevated CO2 increases productivity and invasive species
success in an arid ecosystem. Nature 408, 79–82. doi: 10.1038/35040544
Solbrig, O. T. (1986). “Evolution of life-forms in desert plants,” in Ecosystem Theory
and Application, ed N. Polunin (New York, NJ: Wiley), 89–105.
Stachowicz, J. J., and Tilman, D. (2005). “Species invasions and the relationships
between species diversity, community saturation, and ecosystem function-
ing,” in Species Invasions: Insights into Ecology, Evolution, and Biogeography,
eds D. F. Sax, J. J. Stachowicz, and S. D. Gaines (Sunderland, MA: Sinauer),
41–64.
Standish, R. J., Robertson, A. W., andWilliams, P. A. (2001). The impact of an inva-
sive weedTradescantia fluminensis on native forest regeneration. J. Appl. Ecol. 38,
1253–1263. doi: 10.1046/j.0021-8901.2001.00673.x
Stockwell, C., Hendry, A., and Kinnison, M. (2003). Contemporary evolu-
tion meets conservation biology. Ecol. Evol. 18, 94–101. doi: 10.1016/S0169-
5347(02)00044-7
Stohlgren, T., Binkley, D., Chong, G., Kalkhan, M., Schell, L., Bull, K., et al. (1999).
Exotic plant species invade hot spots of native plant diversity. Ecol. Monogr. 69,
25–46. doi: 10.1890/0012-9615(1999)069[0025:EPSIHS]2.0.CO;2
Stohlgren, T. J., Barnett, D. T., Jarnevich, C. S., Flather, C., and Kartesz, J. (2008).
The myth of plant species saturation. Ecol. Lett. 11, 313–322. doi: 10.1111/j.
1461-0248.2008.01153.x
Strauss, S. Y., Lau, J. A., and Carroll, S. P. (2006b). Evolutionary responses of natives
to introduced species: what do introductions tell us about natural communities?
Ecol. Lett. 9, 357–374. doi: 10.1111/j.1461-0248.2005.00874.x
Strauss, S. Y., Webb, C. O., and Salamin, N. (2006a). Exotic taxa less related to
native species are more invasive. Proc. Natl. Acad. Sci. U.S.A. 103, 5841–5845.
doi: 10.1073/pnas.0508073103
Suding, K. N., and Goldberg, D. E. (1999). Variation in the effects of vegetation
and litter on recruitment across productivity gradients. J. Ecol. 87, 436–449. doi:
10.1046/j.1365-2745.1999.00367.x
Suding, K. N., LeJeune, K. D., and Seastedt, T. R. (2004). Competitive impacts
and responses of an invasive weed: dependencies on nitrogen and phosphorus
availability. Oecologia 141, 526–535. doi: 10.1007/s00442-004-1678-0
Suding, K. N., Stanley Harpole, W., Fukami, T., Kulmatiski, A., MacDougall, A. S.,
Stein, C., et al. (2013). Consequences of plant–soil feedbacks in invasion. J. Ecol.
101, 298–308. doi: 10.1111/1365-2745.12057
Sultan, S. E. (2001). Phenotypic plasticity for fitness components in Polygonum
species of contrasting ecological breadth. Ecology 82, 328–343. doi:
10.1890/0012-9658(2001)082[0328:PPFFCI]2.0.CO;2
Tallamy, D. W., Ballard, M., and D’Amico, V. (2010). Can alien plants support
generalist insect herbivores? Biol. Invasions 12, 2285–2292. doi: 10.1007/s10530-
009-9639-5
Tecco, P. A., Diaz, S., Cabido, M., and Urcelay, C. (2010). Functional traits of
alien plants cross contrasting climatic and land-use regimes: do aliens join
the locals or try harder than them? J. Ecol. 98, 17–27. doi: 10.1111/j.1365-
2745.2009.01592.x
Thebaud, C. A., Finzi, C., Affre, L., Debusscche, M., and Escarre, J. (1996).
Assessing why two introduced Conyza differ in their ability to invade
Mediterranean old fields. Ecology 77, 791–804. doi: 10.2307/2265502
Thebaud, C., and Simberloff, D. (2001). Are plants really larger in their introduced
ranges? Am. Nat. 157, 231–236. doi: 10.1086/318635
Theoharides, K. A., and Dukes, J. S. (2007). Plant invasion across space and time:
factors affecting nonindigenous species success during four stages of invasion.
New Phytol. 176, 256–273. doi: 10.1111/j.1469-8137.2007.02207.x
Thompson, J. (1998). Rapid evolution as an ecological process. Trends Ecol. Evol.
Syst. 13, 329–332. doi: 10.1016/S0169-5347(98)01378-0
Thompson, K. (2014). Where Do Camels Belong? The Story and Science of Invasive
Species. London: Profile Books Ltd.
Thompson, K., Hodgson, J. G., Grime, J. P., and Burke, M. J. W. (2001). Plant traits
and temporal scale; evidence from a five-year invasion experiment using native
species. J. Ecol. 89, 1054–1060. doi: 10.1111/j.1365-2745.2001.00627.x
Thomsen,M. A., D’Antonio, C.M., Suttle, K. B., and Sousa,W. P. (2006). Ecological
resistance, seed density and their interactions determine patterns of invasion in
a California coastal grassland. Ecol. Lett. 9, 160–170. doi: 10.1111/j.1461-0248.
2005.00857.x
Tiley, G. E. D., Dodd, F. S., and Wade, P. M. (1996). Heracleum mantegazzianum
Sommier and Levier. Biological flora of the British Isles. J. Ecol. 84, 297–319.
doi: 10.2307/2261365
Tilman, D. (1982). Resource Competition and Community Structure. Princeton, NJ:
Princeton University Press.
Tilman, D. (1988). Plant Strategies and the Dynamics and Structure of Plant
Communities. Princeton, NJ: Princeton University Press.
Tilman, D. (1997). Community invasibility, recruitment limitation, and grass-
land biodiversity. Ecology 87, 81–92. doi: 10.1890/0012-9658(1997)078[0081:
CIRLAG]2.0.CO;2
Tilman, D. (2004). Niche tradeoffs, neutrality, and community structure: a
stochastic theory of resource competition, invasion, and community assem-
bly. Proc. Natl. Acad. Sci. U.S.A. 101, 10854–10861. doi: 10.1073/pnas.
0403458101
Trinder, C. J., Brooker, R. W., and Robinson, D. (2013). Plant ecology’s guilty lit-
tle secret: understanding the dynamics of plant competition. Funct. Ecol. 27,
918–929. doi: 10.1111/1365-2435.12078
Turnbull, L., Crawley, M., and Rees, M. (2000). Are plant populations seed-limited?
A review of seed sowing experiments. OIKOS 52, 883–890. doi: 10.1034/j.1600-
0706.2000.880201.x
Uddin, M. N., Robinson, R. W., Caridi, D., and Al Harun, M. A. J. (2014).
Suppression of native Malaleuca ericifolia by the invasive Phragmites aus-
tralis through allelopathic root exudates. Am. J. Bot. 101, 479–487. doi:
10.3732/ajb.1400021
Vallano, D.M., Selmants, P. C., and Zavaleta, E. S. (2012). Simulated nitrogen depo-
sition enhances the performance of an exotic grass relative to native serpentine
grassland competitors. Plant Ecol. 213, 1015–1026. doi: 10.1007/s11258-012-
0061-1
www.frontiersin.org September 2014 | Volume 5 | Article 501 | 19
Gioria and Osborne Resource competition in plant invasions
van Kleunen, M., and Fischer, M. (2005). Constraints on the evolution of adaptive
phenotypic plasticity in plants. New Phytol. 166, 49–60. doi: 10.1111/j.1469-
8137.2004.01296.x
van Kleunen, M., Schlaepfer, D. R., Glaettli, M., and Fischer, M. (2011). Preadapted
for invasiveness: do species traits or their plastic response to shading dif-
fer between invasive and non-invasive plant species in their native range?
J. Biogeogr. 38, 1294–1304. doi: 10.1111/j.1365-2699.2011.02495.x
van Kleunen,M., and Schmid, B. (2003). No evidence for an evolutionary increased
competitive ability in an invasive plant. Ecology 84, 2816–2823. doi: 10.1890/02-
0494
van Kleunen, M., Weber, E., and Fischer, M. (2010). A meta-analysis of trait differ-
ences between invasive and non-invasive plant species. Ecol. Lett. 13: 235–245.
doi: 10.1111/j.1461-0248.2009.01418.x
van Riper, L. C., and Larson, D. L. (2009). “Role of invasive Melilotus offici-
nalis in two native plant communities,” in USGS Northern Prairie Wildlife
Research Center. Paper 77. Available online at: http://digitalcommons.unl.edu/
usgsnpwrc/77
Vasquez, E., Sheley, R. L., and Svejcar, T. J. (2008). Creating invasion resistant
soils via nitrogen management. Invasive Plant Sci. Manag. 1, 304–314. doi:
10.1614/IPSM-07-059.1
Vilà, M., Espinar, J. L., Hejda, M., Hulme, P. E., Jarošík, V., Maron, J. L., et al.
(2011). Ecological impacts of invasive alien plants: a meta-analysis of their
effects on species, communities and ecosystems. Ecol. Lett. 14, 702–708. doi:
10.1111/j.1461-0248.2011.01628.x
Vilà, M., Gomez, A., and Maron, J. L. (2003). Are alien plants more competitive
than their native conspecifics? A test using Hypericum perforatum L. Oecologia
137, 211–215. doi: 10.1007/s00442-003-1342-0
Vilà, M., and Weiner, J. (2004). Are invasive plant species better competitors
than native plant species? Evidence from pair-wise experiments. OIKOS 105,
229–238. doi: 10.1111/j.0030-1299.2004.12682.x
Vinton, M. A., and Goergen, E. (2006). Plant-soil feedbacks contribute to the per-
sistence of smooth brome (Bromus inermis) in tallgrass prairie. Ecosystems 9,
967–976. doi: 10.1007/s10021-005-0107-5
Vitousek, P. M. (1994). Beyond global warming: ecology and global change. Ecology
75, 1861–1876. doi: 10.2307/1941591
Vitousek, P. M., D’Antonio, C. M., Loope, L. L., and Westbrooks, R. (1996).
Biological invasions as global environmental change. Am. Sci. 84, 468–478.
Vitousek, P., Mooney, H., Lubchenco, J., and Melillo, J. (1997). Human domi-
nation of Earth’s ecosystems. Science 277, 494–499. doi: 10.1126/science.277.
5325.494
Vitousek, P. M., and Walker, L. R. (1989). Biological invasion by Myrica faya: plant
demography, nitrogen fixation, ecosystem effects. Ecol. Monogr. 59, 247–265.
doi: 10.2307/1942601
Vitousek, P. M., Walker, L. R., Whiteaker, L. D., Mueller-Dombois, D., and Matson,
P. A. (1987). Biological invasion byMyrica faya alters ecosystem development in
Hawaii. Science 238, 802–804. doi: 10.1126/science.238.4828.802
Wang, N., Yu, F. H., Li, P. X., He, W. H., Liu, F. H., and Dong, M. (2008). Clonal
integration affects growth, photosynthetic efficiency and biomass allocation,
but not the competitive ability, of the alien invasive Alternanthera philoxeroides
under severe stress. Ann. Bot. 101, 671–678. doi: 10.1093/aob/mcn005
Webb, C. O. (2000). Exploring the phylogenetic structure of ecological com-
munities: an example for rain forest trees. Am. Nat. 156, 145–155. doi:
10.1086/303378
Wedin, D. A., and Tilman, D. (1993). Competition among grasses along a nitrogen
gradient: initial conditions and mechanisms of competition. Ecol. Monogr. 63,
199–229. doi: 10.2307/2937180
Wedin, D. A., and Tilman, D. (1996). Influence of nitrogen loading and species
composition on the carbon balance of grasslands. Science 274, 1720–1723. doi:
10.1126/science.274.5293.1720
Weidenhamer, J. D., Hartnett, D. C., and Romeo, J. T. (1989). Density-dependent
phytotoxicity: distinguishing resource competition and allelopathic interference
in plants. J. Appl. Ecol. 26, 613–624. doi: 10.2307/2404086
Weigelt, A., and Jolliffe, P. (2003). Indices of plant competition. J. Ecol. 91, 707–720.
doi: 10.1046/j.1365-2745.2003.00805.x
Weiner, J. (1990). Asymmetric competition in plant populations. Trends Ecol. Evol.
5, 360–364. doi: 10.1016/0169-5347(90)90095-U
Weiner, J. (1993). Competition among plants. Treballs de la SCB. 44, 99–109.
Weiner, J., and Thomas, S. (1986). Size variability and competition in plant
monocultures. OIKOS 47, 211–222. doi: 10.2307/3566048
Welden, C. W., and Slauson, W. L. (1986). The intensity of competition versus its
importance, and overlooked distinction and some implications.Q. Rev. Biol. 61,
23–44. doi: 10.1086/414724
White, E. M., Wilson, J. C., and Clarke, A. R. (2006). Biotic indirect effects:
a neglected concept in invasion biology. Divers. Distrib. 12, 443–455. doi:
10.1111/j.1366-9516.2006.00265.x
Williams, D. G., and Black, R. A. (1994). Drought response of a native and
introduced Hawaiian grass. Oecologia 97, 512–519. doi: 10.1007/BF00325890
Willis, A., Memmott, J., and Forrester, R. (2000). Is there evidence for the post-
invasion evolution of increased size among invasive plant species? Ecol. Lett. 3,
275–283. doi: 10.1046/j.1461-0248.2000.00149.x
Wilsey, B. J., Daneshgar, P. P., and Polley, H. W. (2011). Biodiversity, phe-
nology and temporal niche differences between native- and novel exotic-
dominated grasslands. Perspect. Plant Ecol. Evol. Syst. 13, 265–276. doi:
10.1016/j.ppees.2011.07.002
Wilson, J. B. (1988). Shoot competition and root competition. J. Appl. Ecol. 25,
279–296. doi: 10.2307/2403626
Wilson, S. D., and Tilman, D. (1995). Competitive responses of eight old-field plant
species in four environments. Ecology 76, 1169–1180. doi: 10.2307/1940924
Witkowski, E. T. F. (1991). Growth and competition between seedlings of Protea
repens (L.) L. and the alien invasive, Acacia saligna (Labill.) Wendl. in relation
to nutrient availability. Funct. Ecol. 5, 101–110. doi: 10.2307/2389560
Wolkovich, E. M., and Cleland, E. E. (2011). The phenology of plant inva-
sions: a community ecology perspective. Front. Ecol. Environ. 9, 287–294. doi:
10.1890/100033
Wolkovich, E. M., Davies, T. J., Schaefer, H., Cleland, E. E., Cook, B. I., Travers, S.
E., et al. (2013). Temperature-dependent shifts in phenology contribute to the
success of exotic species with climate change. Am. J. Bot. 100, 1407–1421. doi:
10.3732/ajb.1200478
Xiao, K. Y., Yu, D., Wang, L. G., and Han, Y. Q. (2011). Physiological integration
helps a clonal macrophyte spread into competitive environments and coex-
ist with other species. Aquat. Bot. 95, 249–253. doi: 10.1016/j.aquabot.2011.
07.002
Xu, C.-Y., Schooler, S. S., and Van Klinken, R. D. (2012). Differential influence
of clonal integration on morphological and growth responses to light in two
invasive herbs. PLoS ONE 7:e35873. doi: 10.1371/journal.pone.0035873
Yokozawa, M., and Hara, T. (1992). A canopy photosynthesis model for the dynam-
ics of size structure and self-thinning in plant populations. Ann. Bot. 70,
314–320.
You, W. H., Fan, S., Yu, D., Xie, D., and Liu, C. (2014). An invasive clonal plant
benefits of from clonal integration more than a co-occurring native plant
in nutrient-patchy and competitive environments. PLoS ONE 9:e97246. doi:
10.1371/journal.pone.0097246
You, W. H., Yu, D., Liu, C. H., Xie, D., and Xiong, W. (2013). Clonal integra-
tion facilitates invasiveness of the alien aquatic plant Myriophyllum aquaticum
L. under heterogeneous water availability. Hydrobiologia 718, 27–39. doi:
10.1007/s10750-013-1596-4
Young, K., and Mangold, J. M. (2008). Medusahead (Taeniatherum caput-
medusae) outperforms squirrel tail (Elymus elymoides) through interference
and growth rate. Invasive Plant Sci. Manag. 1, 73–81. doi: 10.1614/IPSM-07-
021.1
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 30 May 2014; accepted: 08 September 2014; published online: 29 September
2014.
Citation: Gioria M and Osborne BA (2014) Resource competition in plant inva-
sions: emerging patterns and research needs. Front. Plant Sci. 5:501. doi: 10.3389/fpls.
2014.00501
This article was submitted to Functional Plant Ecology, a section of the journal
Frontiers in Plant Science.
Copyright © 2014 Gioria and Osborne. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Plant Science | Functional Plant Ecology September 2014 | Volume 5 | Article 501 | 20
Gioria and Osborne Resource competition in plant invasions
GLOSSARY
Allelopathy: the negative effects of one individual on its neighbors
associated with the release of chemical compounds from roots,
shoots, leaves, or flowers (Rice, 1984).
Apparent competition: an indirect type of competitive interac-
tion that occurs when one species alters the abundance or the
distribution of consumers and thus the consumption of other
species (Holt, 1977). Apparent competition may occur when a
species provides a consumer with a non-food resource, e.g., shel-
ter, allowing the consumer population to increase and spread,
with subsequent negative effects on the native species, or when
both plant species provide a food-resource to a food-limited
consumer (Dangremond et al., 2010).
Asymmetric competition: an unequal division of resources
among competing plants (Freckleton and Watkinson, 2001).
It occurs where some individuals or some species remove a
disproportionately large amount of resources (Freckleton and
Watkinson, 2001). Where asymmetric competition occurs due to
differences in size that confer an initial size advantage, the com-
petitive effect is larger than the difference in size, meaning that if
an individual is twice the size of another individual, the compet-
itive effect must be more than twice or the larger individual take
up more than twice the resources available (Weiner, 1993).
Clonal integration: resource sharing among interconnected ram-
ets (Alpert and Mooney, 1986).
Competition importance: the relative impact of resource compe-
tition, among other processes, on plant fitness, community com-
position or population dynamics (Welden and Slauson, 1986).
Competition importance is an ecological concept.
Competition intensity: the degree to which resource competi-
tion by neighboring individuals reduces the performance of an
individual (or species) below a value when no neighbors are
present (Welden and Slauson, 1986). Competition intensity is a
physiological concept.
Competitive ability: the ability of a species to acquire lim-
iting resources and/or a capacity to cope with low resource
levels or to reduce the availability of resources to its neigh-
bors. The competitive ability of a species has two components:
(1) competitive effect: the ability to take up resources and
thereby reduce the amounts available for other plants (Goldberg,
1990); (2) competitive response: the ability to perform well
even though resource levels are reduced by the competitors
(Goldberg, 1990).
Disturbance: the partial or total destruction of the plant biomass
that can arise from the activities of herbivores, pathogens and
humans (trampling, mowing, and plowing), and from phenom-
ena such as wind damage, frosts, droughts, soil erosion, and fire
(Grime, 2001).
Indirect competition: complex competitive interactions involving
more than two species, resulting from the effects of one species
on a third species via effects on a second species (e.g., White et al.,
2006).
Invasive alien species: a subset of alien species, i.e., species that
have been introduced either intentionally or unintentionally out-
side their native geographical range, which have become natural-
ized plants that produce reproductive offspring, i.e., have formed
self-sustaining populations without direct human intervention,
and have become invasive, i.e., are found often in very large num-
bers, at considerable distance from the parent plants, thus having
the potential to spread over a large area (Richardson et al., 2000).
Approximate scales: >100m in <50 years for species spread-
ing by seeds and other propagules (for dioecious taxa that rely
exclusively on seeds for reproduction, this applies only after the
introduction of both sexes);>6m in 3 years for species spreading
by roots, rhizomes, stolons, or creeping stems (Richardson et al.,
2000).
Invasibility: the susceptibility of a community to the coloniza-
tion and establishment of introduced alien species (Lonsdale,
1999). Invasibility can be quantified as the probability of suc-
cessful establishment per arriving propagule (Davis et al., 2005).
Invasibility describes a community’s potential to be colonized,
while the realization of that potential is dependent on the pres-
ence and abundance of propagules (Davis et al., 2005).
Niche differentiation: differential resource use or response result-
ing from long-term competitive interactions between species in a
community (Bazzaz, 1996).
Resource competition: a negative interaction between individu-
als or species associated with a requirement for shared limiting
resources resulting in a reduction in one or more fitness compo-
nents at the individual level or at the population level (Goldberg
et al., 1999). From a functional point of view, competition can
be regarded as an alteration of the processes of (1) “acquisi-
tion” of resources, (2) their “allocation” to different parts, and
(3) the “deployment” of these parts in space (Bazzaz, 1996), by
neighboring individuals.
Resource: consumable or depletable “supply factors” that are
required by plants for maintenance, growth, and reproduction
(e.g., Harper, 1977), including light, water, nutrients, oxygen,
and CO2.
Non-resource condition: include “non-consumable” factors, such
as temperature. Some factors, such as light, can be both resource
and non-resource conditions (Bazzaz, 1996).
Stress: physical, chemical, and biological constraints that restrict
photosynthetic production. These include shortage of light, water
and mineral nutrients, or suboptimal temperatures (Grime,
2001).
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